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Abstract 
 
 
Photonic crystals are periodic optical nanostructures that can selectively disallow 
the propagation of specific ranges of electromagnetic radiation. Among photonic 
crystals, three-dimensionally ordered macroporous (3DOM) materials are of interest 
for a new class of colored pigments, UV reflectors, and modified thermal emission 
devices synthesized from a wide range of materials. 
For color pigment applications of 3DOM materials, this dissertation explores the 
important role of light-absorbing species within the 3DOM structure through the 
variation of processing parameters in the synthesis of 3DOM zirconia. It was found 
that intense coloration strongly depended on the concentration of in-situ carbon 
generated within the structure, which was controlled by processing temperature and 
atmosphere. The tunability of color in 3DOM silica through variations in maximum 
processing temperature is also discussed as well as the discovery of a unique additive 
color-mixing mechanism found in 3DOM pigments. 
3DOM materials with stop bands outside of the visible spectrum were also 
investigated. 3DOM TiO2/SiO2 was synthesized with UV stop bands that, coupled 
with strong TiO2 absorbance, decreased overall UV transmittance. Thermally-stable 
metallic photonic crystals with stop bands in the IR range were also synthesized for 
thermophotovoltaic applications where tailored emission could be potentially coupled 
with specific diode materials. 
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1.1 Overview 
As living organisms, humans perceive and interact with the world around us through 
the use of the senses available to us. Our intricate bodies can detect changes in texture or 
temperature, smell and taste chemical compounds, and sense vibrations through the air by 
audition. But as humans, our greatest tool in perceiving our environment comes from our 
ability to detect and differentiate wavelengths of electromagnetic radiation. Using this 
sense we are able to visualize the world around us as a cascade of photonic absorptions, 
reflections, and emissions that our brains interpret as color.  
Due to the importance of color to our human perceptions, it has long been used by 
humanity, both functionally and aesthetically. As we have learned to use color to suit our 
needs, we have also begun to understand the mechanisms of color generation and how 
our eyes are able to sense it. We began by learning how the mixing of two colors could 
generate a new color.3 We then progressed into discovering less obvious phenomena such 
as the ability of gold nanoparticles in water to possess multiple colorations.4 With the 
discovery and understanding of these numerous color mechanisms, we began to 
understand the nature of photons themselves and how their interactions with the objects 
around us shape our polychromatic world. 
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Further advances in the understanding of color have been made within the past few 
decades. A new form of coloration has begun to be understood that arises due to 
structural morphology rather than molecular properties. By imbuing a material with 
periodic diffraction planes that reflect specific wavelengths of light based on Bragg 
diffraction, brilliant colors can be imparted onto objects that would otherwise possess no 
color. The colors that result from this mechanism can be selected solely by alterations to 
the structure of a chosen material, allowing one material to exhibit various colors 
throughout the spectrum with no change to the chemical nature of the material itself.  
The creation of these structurally-colored materials through a colloidal crystal 
templating procedure and their optimization for color pigments is discussed herein. 
Discoveries regarding the role of light-absorbing species within these materials as well as 
the effects of various process conditions on the coloration of these pigments are 
discussed. Further studies on materials that possess photonic reflections outside of the 
visible range (ultra-violet and infrared) for non-color applications are also discussed.  
1.2. Color 
1.2.1. Traditional Color Mechanisms 
The portion of the electromagnetic spectrum that we refer to as color (400˗700 nm) 
constitutes a very small series of wavelengths between short wave gamma rays (10-11 m) 
and long wave radio waves (103 m). These wavelengths can be perceived by humans due 
to the specific energy levels of the photons associated with this range. At this range of 
energy, electromagnetic radiation can interact with electrons within molecules to initiate 
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conformational changes. This interaction allows receptors in our eyes to be 
photoisomerized by photons. Conformational changes in these receptors initiate 
electrochemical responses that are sent to the brain for interpretation through a complex 
neurological pathway. Higher energy radiation (UV) is too ionizing for this task and 
lower energy radiation (IR) only imparts a small amount of molecular motion that we 
perceive as heat.5  
 Approximately 45% of our sun’s radiation is emitted in the visible spectrum.6 The 
white glow of the sun is a combination of all spectral colors. Only when this light has 
reached matter does it begin to separate into specific colors through the selective 
absorption, scattering, transmission, and reflection of light. Numerous mechanisms for 
the generation of color have been identified. In Nassau’s The Physics and Chemistry of 
Color: The Fifteen Causes of Color,7 these mechanisms are categorized according to 
Nassau in Table 1.1. 
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Table 1.1: Recreation of a table from Nassau’s The Physics and Chemistry of Color: The Fifteen Causes of 
Color7 describing the fifteen causes of color, as categorized by the author. 
Vibrations and Simple Excitations 
1. Incandescence: Flames, lamps, carbon arc, limelight 
2. Gas excitations: Vapor lamps, lightning, auroras, some lasers 
3. Vibrations and Rotations: Water, ice, iodine, blue gas flame 
Transitions Involving Ligand Field Effects 
4. Transition Metal Compounds: Turquoise, many pigments, some 
fluorescence, lasers, phosphors 
5. Transition Metal Impurities: Ruby, emerald, red iron ore, some 
fluorescence, and lasers 
Transitions Between Molecular Orbitals 
6. Organic Compounds: Most dyes, most biological colorations, some 
fluorescence, and lasers 
7. Charge Transfer: Blue sapphire, magnetite, lapis lazuli, many pigments 
Transitions Involving Energy Bands 
8. Metals: Copper, silver, gold, iron, brass, "ruby" glass 
9. Pure Semiconductors: Silicon, galena, cinnabar, diamond 
10. Doped or Activated Semiconductors: Blue and yellow diamond, light 
emitting diodes, some lasers, and phosphors 
11. Color Centers: Amethyst, smoky quartz, desert "amethyst" glass, 
some fluorescence, and lasers 
Geometrical and Physical Optics 
12. Dispersive Refraction, Polarization, etc.: Rainbows, halos, sun dogs, 
green flash of sun, "fire" in gemstones 
13. Scattering: Blue sky, red sunset, blue moon, moonstone, Raman 
scattering, blue eyes, and some other biological colors 
14. Interference: Oil slick on water, soap bubbles, coating on camera 
lenses, some biological colors 
15. Diffraction: Aureole, glory, diffraction gratings, opal, some biological 
colors, most liquid crystals. 
 
Table 1.1 separates color mechanisms into those that are caused by atomic 
excitations, ligand field effects, molecular orbital transitions, band transitions, or 
phenomena occurring due to geometric or physical causes. Of all the mechanisms listed 
in Table 1.1, the use of color by humans has traditionally been dominated by materials 
that harness the effects of electronic transitions. Almost all traditional dyes and pigments 
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use color mechanisms that selectively subtract specific parts of the visible spectrum 
through electronic transitions and reflect or transmit the remaining visible wavelengths. 
This phenomenon is referred to as ‘subtractive color’ and allows the mixing of various 
colors in order to partially or completely subtract portions of the spectrum to change the 
perceived color that arises from an illuminated surface. The primary colors in a 
subtractive system that can be combined to form all other colors are cyan, magenta, and 
yellow. When these primary colors are mixed together in equal ratios, they form black 
due to the complete subtraction of the entire visible spectrum. A majority of the objects in 
our world follow this mechanism, where color is dictated by the selective absorbance of 
light.  
This subtractive color mechanism is distinct from colors that arise from the mixing of 
colored light, called ‘additive color’. Additive coloration is used in display systems such 
as monitors and televisions in which numerous colored pixels are selectively activated in 
order to combine specific colored emissions into a desired final color. In this case, 
photons are not being selectively absorbed but, rather, narrow band emissions of specific 
wavelengths of photons are responsible for the perceived color. The emitted color 
wavelengths from each individual source add together to form the final color. The 
primary colors within the additive color system are distinct from the subtractive 
primaries. Blue, green, and red are the primary colors in the additive system and when 
mixed together form white instead of black, approximating the white light of the sun, 
which includes emissions of all spectral colors. The use of blue, green, and red as primary 
colors caters to the physiology of the human eye, which contains three separate 
classifications of cone cells that detect varying amounts of blue, green, and red light, and 
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send that sensory information to the brain, which then interprets the response as color.5 
Thus, by manipulating the intensity of each level of blue, green, and red, all spectral 
colors that can be observed with the human eye are possible. 
1.2.2. Structural Color 
One such additive color mechanism was not well-understood until a little more than 
25 years ago. In 1987, Yablonovitch8 and John9 independently brought forward the 
concept that a material could possess a photonic band gap that would disallow the 
propagation of certain wavelengths of light. The disallowed photons would be, instead, 
reflected away from the material. This introduced a new mechanism of controlling the 
movement of photons and ushered in a new understanding of the presence of structural 
color in our world. These materials were labeled as ‘photonic crystals’ and are described 
in the following section. 
The term ‘structural color’ implies that the coloration of a material arises from its 
morphology rather than its inherent molecular properties. In a structurally-colored 
material, photons are diffracted or interfered with, resulting in the preferential reflection 
of certain wavelengths. Since this coloration does not depend on electronic transitions 
within a material, but is primarily governed by the morphology of the material, it is 
referred to as structural color. The narrow region of spectral reflectance from these 
materials approximates an emission of light and, therefore, follows the same additive 
color mechanism used in display technologies. 
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Several examples of structural color can be found in nature. Certain species of 
butterflies and invertebrates as well as multiple types of flora possess color resulting from 
the periodic arrangement of features on their surfaces.10-12 Natural examples can also be 
found in minerals such as labradorite.13 The most well-known mineral example is 
probably the natural opal which, despite being composed of optically transparent silica 
spheres, expresses a wide range of colors caused by the reflection of light due to its 
periodic structure.14-15 
1.2.2.1. Photonic Crystals 
Natural gem opals are structurally-colored because they are a type of photonic crystal, 
as described by Yablonovitch8 and John9. Photonic crystals are materials with a periodic 
arrangement of high and low dielectric zones that act as Bragg diffraction planes. 
Materials with a high dielectric contrast can form complete photonic band gaps that 
prevent the propagation of a range of wavelengths from passing through the material in 
all directions.9 Materials with a lower dielectric contrast form an incomplete band gap, 
also called a stop band, where propagation is only partially inhibited. These materials, 
however, can still exhibit unique optical properties, such as structural color, if their stop 
bands fall within the visible spectrum, as in the case of natural opals. The close-packed, 
periodic arrangement of silica spheres that make up natural opals creates the regular 
diffraction planes necessary for photonic reflection (Figure 1.1).  
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Figure 1.4. Scanning electron micrograph of precious natural opal. A periodic arrangement of spheres can 
be observed. Image reproduced from Sanders et al.15 
 
These diffraction events disallow a range of wavelengths of electromagnetic radiation 
from propagating through the material depending on the spacing between adjacent lattice 
planes of the periodic structure. In the case of natural opals, the observed lie within the 
visible range of the electromagnetic spectrum and are perceived as color. The 
disallowance of these spectral ranges is similar to the behavior of electrons in a 
semiconductor.9 Semiconductors have electronic bandgaps that disallow the propagation 
of electrons of specific energies. Photonic crystals have similar bandgaps called photonic 
bandgaps that disallow the propagation of photons with energies associated with specific 
bands. Figure 1.2 illustrates the similarity between electronic and photonic bandgap 
diagrams.  
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Figure 1.2. Band diagrams for a semiconductor (left) and a photonic crystal (right). Reproduced from John 
et al.9  
 
While many examples of photonic crystals exist in nature, they can also be 
synthesized using several different synthetic techniques such as layer-by-layer 
stacking,16-17 lithography,18-19 and laser-induced direct-write deposition.20-21 These 
techniques, however, are laborious and require expensive equipment with limited 
scalability. Due to these considerations, one of the most promising methods for producing 
well-ordered synthetic photonic crystals is the self-assembly of colloidal particles, which 
naturally assemble into face-centered cubic (fcc) structures similar to natural opals 
(Figure 1.3).22-23 This technique does not require specialized equipment and can produce 
photonic crystals with sufficient long-range order to possess intense stop bands in the 
visible region.  
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Figure 1.3. Scanning electron micrographs of a synthetic opal composed of uniformly sized polymer 
spheres. Left: The (111) plane of the opal. Note the highly periodic array of spheres that create Bragg 
diffraction planes within the material. Right: An incomplete opal showing the 3D structure of the material. 
 
 
1.3. Colloidal Crystallization 
1.3.1. Self-Assembly of Monodisperse, Charged Nanospheres 
In cases where interparticle forces are sufficiently balanced in a colloidal system, 
self-assembly of particles into regular, periodic arrays can occur. For example, 
monodisperse nanometer and micrometer sized spheres in a suspension can 
spontaneously form close-packed colloidal crystal arrays if their free volume is restricted 
below a certain value.24 In order to form periodic crystalline arrays, the surface charge of 
the particles must be sufficiently repulsive to discourage random aggregation but not 
large enough to prevent close packing.25 The slight repulsive interactions between 
particles also allow the particles to reorder into lower energy conformations without 
aggregation as the free volume around the particles is decreased.26 Monodisperse, 
spherical colloids typically pack into face-centered cubic (fcc), hexagonal close-packed 
(hcp), or random hexagonally close-packed (rhcp) arrays, with fcc being entropically 
favored over hcp.27 
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Several techniques including vertical deposition,28-30 float packing,31 gravity 
sedimentation,32 filtration,33 electrophoretically controlled sedimentation,34 and 
accelerated sedimentation by centrifugation35 have been used to form colloidal crystals 
with few defects. Several additional strategies to control long-range cracking defects in 
dried colloidal crystals have also been investigated in order maintain large crystalline 
domains outside of a liquid suspension.36-39  
For the gravity sedimentation technique used to create most of the colloidal crystals 
in this dissertation, polymer nanospheres were synthesized and allowed to sediment and 
self-assemble into an ordered fcc close packed array to produce a colloidal crystal.40 This 
sedimentation was done slowly over many weeks, depending on the diameter of the 
colloidal spheres. Equation 1.1 shows the dependence of sedimentation velocity on 
sphere radii:41 
Equation 1.1 
η
)gρ(ρ
9
2
v
12sr 
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where v is the sedimentation velocity, rs is the radius of the sphere, ρ2 is the density of the 
solvent, ρ1 is the density of the sphere, g is the force of gravity, and η is the viscosity of 
the solvent. As sphere radius increases, an exponential rise in sedimentation velocity 
occurs. At high velocities, colloidal particles do not self-assemble into ordered arrays as 
they are not able to re-order into lower-energy conformations before other sedimenting 
particles pin the spheres into place, often in an undesirable conformation. This increases 
the disorder of the crystal and introduces defects in the lattice. For this reason, gravity 
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sedimentation works best for particles that take more than several weeks to sediment 
fully in order to create a crystal with very long-range order. After the spheres have 
sedimented, the solvent is allowed to evaporate over time. The resulting solid is a 
periodic array of spheres with ABCABC layered stacking.42 This method produces well-
ordered colloidal crystal templates at the expense of long sedimentation times. 
Centrifugal sedimentation has also been used to accelerate sedimentation times of 
colloidal spheres.35 The degree of angular acceleration replaces the term for gravitational 
acceleration in Equation 1.1 for this case. Larger values for angular acceleration 
correspond to higher sedimentation velocities. However, the faster sedimentation times 
increase crystal disorder and care must be taken not to introduce too much disorder for 
the intended application.  
Despite the facile approach described above for the formation of colloidal crystals in 
this dissertation, an understanding of the interparticle forces involved in colloidal self-
assembly is vital in order to produce well-ordered colloidal crystals in response to 
potential changes in particle composition or environment. Several studies have been 
performed on the self-assembly of particles with various characteristics and the strategies 
involved in obtaining well-ordered crystalline arrays from these particles. All of these 
strategies beg the consideration of specific characteristics of the colloidal particles 
involved. 
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1.3.2. Influencing Self-Assembly by Modifying Particle Characteristics 
While the fcc close-packed arrangement is thermodynamically favored for techniques 
using monodisperse, similarly charged spheres in suspension, other self-assembly 
methods can also be used to produce both close-packed and non-close-packed arrays by 
altering particle characteristics, such as size disparity, surface charge, geometry, or a 
combination of these factors. 
1.3.2.1. Adjusting Radius Ratios in Binary Systems 
Natural Brazilian opals contain a binary superlattice of two sizes of non-close packed 
silica spheres that are self-assembled into an ordered array.43 Similar binary superlattices 
have also been synthetically fabricated using two sphere types with carefully controlled 
size ratios.44-48 A relatively fast and simple method for preparing large-area, multilayered 
binary colloidal assemblies involves a horizontal deposition process.49 By varying both 
number and size ratios between large and small polystyrene (PS) spheres, different 
packing configurations have been achieved. All configurations consisted of an fcc lattice 
of large spheres containing small spheres in the interstitial spaces. The small spheres 
were ordered into regular patterns on the surface of the colloidal crystal but exhibited 
reduced order further into the crystal. 
By using a sequential self-assembly method, non-close-packed silica arrays could be 
obtained.50 Silica spheres were deposited onto close-packed arrays of the PS spheres and 
became trapped in the void spaces between the larger PS spheres. The silica spheres had 
size ratios from 0.28–0.68:1 compared to the PS spheres. Removal of the PS spheres by 
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calcination exposed the silica packing structure at the PS sphere–silica sphere interface. 
The packing structure depended on the size ratio between the spheres, a ratio of 0.28:1 
producing a disordered structure, 0.40:1 and 0.48:1 an LS2 structure, and 0.68:1 an LS 
structure, where L represents large spheres and S small spheres (Figure 1.4). These 
structures were only observed at or near the interface with PS because, as multilayers of 
silica spheres were added, the spheres self-adjusted into close-packed arrays as if they 
had been grown on a flat substrate. 
 
Figure 1.4. The packing mechanisms for small and large spheres into non-close-packed hexagonal (left) 
and rectangular structures (right). Reproduced from Zhou et al.50  
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1.3.2.2. Control through Electrostatic Interactions 
Electrostatic interactions play a large role in the self-assembly of particles into 
crystalline and non-crystalline arrays. Electrostatic interactions between particles may be 
altered to direct the formation of these arrays. For example, surface charges can be 
introduced on nanocrystals by the addition of a variety of capping groups. The charge on 
polymer spheres can be altered by the choice of polymerization initiators or added 
surface functionalization. Unique structures can also be prepared by invoking attractive 
interactions between spheres. However, these interactions must not be too strong or 
random aggregation may occur as a result of irreversible binding. If a crystalline, self-
assembled structure of oppositely charged colloids is targeted, a delicate balance must be 
maintained between the entropically favored close-packed arrangements and the 
electrostatically driven non-close-packed structures. 
While the ordering of close-packed spheres requires a sufficiently repulsive 
interaction between particles, the extent of that repulsion can be controlled through the 
use of amphoteric groups on the surface of the particles. Such groups introduce a pH-
value-dependent surface charge, which allows both the sign and magnitude of the charge 
to be tuned. In the case of amphoteric PS spheres, colloidal crystals formed from a drop-
cast suspension during solvent evaporation were more highly ordered when the surface 
charge on the particles was increased through adjustment of the pH value.51 By adding an 
equal amount of oppositely charged silica spheres, it was possible to force weakly 
charged PS into a crystalline lattice. 
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Ionic colloidal crystals of oppositely charged particles have also been fabricated by 
taking advantage of the inherent surface charge of colloidal spheres.52 Colloidal particles 
were dispersed in a density- and refractive-index-matched organic solvent to eliminate 
the influence of van der Waals forces. By varying the salt concentration of the colloidal 
suspension, it was possible to reverse the small charges on the particles. Utilizing the fact 
that different batches of poly(methyl methacrylate) (PMMA) and silica spheres had 
different charge reversal points, suspensions could be created that contained oppositely 
charged particles at a specific salt concentration. These particles spontaneously 
assembled into a CsCl-type lattice (Figure 1.5). At higher volume fractions, a randomly 
packed array was obtained. When particles of differing diameters were used, different 
structures were assembled based on the size ratios. Arrays with LS6 and LS8 
stoichiometry, as well as NaCl (Figure 1.5) and NiAs structures were obtained under 
separate conditions. The assembly of high-quality ionic colloidal crystals with long-range 
order, could be further facilitated by using a dielectrophoretic field to avoid gravitational 
separation of the binary colloids.53 
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Figure 1.5. Confocal micrographs and models of a) a CsCl-type unit cell (scale bar=10 μm) and b) an 
NaCl-type unit cell (scale bar=8 μm). Reproduced from Leunissen et al.52 
 
The charge on colloidal particles can be further controlled by taking advantage of the 
polarity of added fluorescent dyes.54 A binary mixture of nearly identical PMMA spheres 
was prepared with a nonpolar solvent that was both density and refractive-index matched. 
The two types of spheres were distinguished from one another by the presence of one of 
two types of cationic fluorescent dyes. The sphere charges were tuned by the addition of 
free bromide generated through the catalytic decomposition of cycloheptyl bromide by a 
length of ferromagnetic wire. Because the point of zero charge for each type of particle 
was different, given the separate polarities of the two dyes, the particle charge could be 
tuned near the zero charge point, where one type of particle underwent a charge 
inversion. The now attractive particles then self-assembled into ordered arrays. Using 
particles of similar size but opposite charge, rhcp, CsCl, and NaCl structures were 
obtained with successively increasing differences in particle charge. 
Although this thesis work involves the use of colloidal particles that have diameters 
between ca. 200 nm and 4 μm, lessons may be learned from the assembly of small 
nanoparticles. For self-assembled arrays of larger colloidal particles of differing charges, 
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interparticle interactions tend to be short range with respect to the dimensions of the 
particle. This feature allows them to self-assemble more easily without aggregation. 
However, when very small nanoparticles are considered, the overall interaction forces are 
much more long range with respect to the particle sizes. This property leads to 
aggregation in systems with oppositely charged particles. Greater control over the extent 
of these forces is required to stabilize these smaller nanoparticle arrays. 
If ordered, self-assembled structures of small, less than 10 nm, oppositely charged 
nanoparticles are targeted, more attention must be given to the degree of electrostatic 
interactions in the suspension. Thus, a reduction of the screening layer is necessary to 
avoid aggregation of the particles. This decrease may be achieved by using smaller 
nanoparticles to stabilize the larger ones in a process similar to Debye screening. A 
diamond-like structure was created when gold and silver nanoparticles (4–6 nm) were 
coated with functionalized alkane thiols to endow them with opposite charges.55 When 
these particles were mixed, they assembled into ordered sphalerite arrays in which each 
nanoparticle was surrounded by four nanoparticles of opposite charge. The arrays 
spanned distances of a few microns. 
Multiple binary superlattices have been assembled from small nanoparticles using a 
combination of sterically stabilized semiconducting, metallic, and magnetic 
nanoparticles.56-57 It was demonstrated that the stoichiometry of the resulting self-
assembled structures was established by the electrical charges on the sterically stabilized 
particles and that entropic, van der Waals, steric, and dipolar forces served to stabilize the 
arrays. Crystals of types AB, AB2, AB3, AB4, AB5, AB6, and AB13 resembling NaCl, 
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CuAu, AlB2, MgZn2, MgNi2, Cu3Au, Fe4C, CaCu5, CaB6, and NaZn13 structures self-
assembled upon evaporation of solvent in a vertical assembly method. These self-
assembled arrays were formed by tuning crystallite sizes and compositions (using 
combinations of oxides or other chalcogenides with metals) and modifying the surface 
charges of the nanoparticles with capping ligands. 
1.3.2.3. Long-Range Self-Assembly of Non-spherical Particles 
The shapes of colloidal particles also influence the packing patterns obtained through 
self-assembly. Different geometries of gold nanoparticles were assembled by solvent 
drop evaporation using concentrated aqueous dispersions of particles (Figure 1.6).58 The 
particles were stabilized by cetyltrimethylammonium bromide (CTAB) to balance the 
attractive depletion forces and the repulsive electrostatic forces and thus induce formation 
of ordered arrays during solvent evaporation without random aggregation. When gold 
nanorods were used, smectic and nematic liquid-crystal-like assemblies were obtained; 
gold polyhedra produced hexagonally packed structures; nanocubes produced tetragonal 
arrays; and bipyramidal shapes were found to form either nematic arrays or a 3D 
superlattice that had positional ordering in multiple directions (Figure 1.6). By combining 
nanorods with polyhedra in a binary mixture under precisely adjusted CTAB 
concentrations, the system organized into a non-close-packed rectangular lattice of 
polyhedra with nanorod arrays filling the interstitial spaces. Pentagonal silver 
nanoparticle rods have also been observed to self-assemble into densely packed arrays 
upon drying.59 For rods with a length:diameter ratio of less than 4:1, the particles had a 
hexagonal packing structure over a long range despite their pentagonal geometry. The 
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self-assembled layers of silver nanorods combined into a structure similar to a smectic 
mesophase. 
 
Figure 1.6. SEM images of ordered arrays of gold nanoparticles, including a) hexagonally packed Au 
polyhedra, b) hexagonally packed gold polyhedra with nearly periodic monosteps, c) tetragonally packed 
gold nanocubes, d) steps showing nanocubes in different layers, e) a superstructure formed from gold 
bipyramids and f) a nematic superstructure. Reproduced from Ming et al.58 
 
A separate approach to direct the assembly of oxide nanocubes to construct 3D 
simple cubic arrays was discovered. This unique route was based on using colloidal 
crystals as molds to control particle shapes and organization.60 High quality colloidal 
crystals composed of PMMA spheres approximately 400 nm in diameter were infiltrated 
with a precursor solution for a mixed titania/phosphate glass phase. After removal of the 
polymer spheres, an ordered porous structure formed initially, which, through controlled 
heating, spontaneously disassembled and evolved into individual particles with well-
defined shapes.61 Mediated by evaporation of the volatile phosphate phase, which 
possibly induced anisotropic capillary interactions,62 the resulting nanocubes self-
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reassembled into simple cubic arrays (Figure 1.7). Such self-reassembly represents a 
simple and low-cost approach to realize long-range, non-fcc packing for large colloids, 
and has been successfully applied to several different metal oxide/phosphate systems.63 
 
Figure 1.7. a) SEM image of a TiO2/P2O5 sample (Ti:H2O molar ratio=1:1.8) prepared by self-reassembly. 
The image shows the transition from connected nanocubes (A), disconnected, randomly distributed 
nanocubes (B), to the largest region with simple cubic packing of nanocubes (C). b) SEM image of an 
ordered nanocube array with five discrete layers of square packing. c) An expanded view of the outlined 
region from (b) overlaid by colored cubes to illustrate the simple cubic packing. d) A three-dimensional 
plot of the three colored layers from (c). Reproduced from Li et al.61 
 
The various self-assembly techniques highlighted in this section illustrate the 
complex interparticle relationships that must be managed at the colloidal level. While 
fine control over colloidal crystallization is an important consideration for future 
applications, the work included in this dissertation deals with particles size ranges where 
facile self-assembly is achievable with the simple sedimentation of electrostatically 
charged, monodisperse, colloidal spheres. However, despite the ease of that technique, 
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the same considerations must be taken into account in order to understand the forces 
involved in producing high-quality templates.  
1.4. Three Dimensionally-Ordered Macroporous (3DOM) Materials 
1.4.1. Synthesis of 3DOM Materials 
The synthesis of artificial opals through colloidal self-assembly results in brilliantly 
opalescent photonic crystals that contain stop bands in the visible region for a certain 
range of sphere sizes. However, the selection of materials that form monodisperse 
spherical particles is limited, thus restricting the potential applications of any self-
assembled crystal. In order to circumvent this limitation, these synthetic opals can also be 
used as sacrificial templates to create the inverse of the opal structures. The inverse opals 
retain the photonic properties of the opal template but can be fabricated using various 
inorganic oxides,33, 35, 64-72 metals,73-79 polymers,80-83  and hydrogels.84-85 This facile 
process generally involves filling the interstitial spaces between the sphere array with a 
precursor material and then processing the composite to convert the precursor into the 
target material. Removal of the template via thermal treatment or dissolution then 
produces the inverse structure of the opal, which is referred to as a three-dimensionally 
ordered macroporous (3DOM) material. 3DOM materials retain the periodic arrangement 
of high and low dielectric zones and so also act as photonic crystals. 
3DOM materials were first reported in the late 1990’s.33, 35, 72, 80 These materials are 
characteristically high in surface area and consist of an extended network of 
interconnected pores that have applications in several areas, such as catalysis,86-94 optical 
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and electronic sensing,64, 95-99 energy storage,100-105 and other photonic applications.40, 65, 
106 The continuous porosity of the material is owed to the templating procedure used to 
create them. 3DOM structures are produced through the use of an ordered colloidal 
crystal array of monodisperse spheres as a template. These colloidal crystals are typically 
composed of polymer or silica spheres66, 79, 107-108 A main requirement of a template 
material is that it is easily removed from the structure without harming the framework of 
the final product. Polymer spheres are typically removed by thermal treatment or solvent 
removal while silica spheres require the use of hydrofluoric acid (HF) or strong base to 
remove the template from the structure.   
Most 3DOM materials in this dissertation were templated from colloidal crystals that 
were formed through gravity sedimentation or centrifugation of a colloidal suspension. A 
typical colloidal crystal formed in this manner exhibited domain sizes larger than tens of 
microns with scattered point and line defects. A representative example of a typical 
colloidal crystal can be seen in Figure 1.8.  
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Figure 1.8. An SEM micrograph of an fcc close-packed array of PMMA spheres used in colloidal crystal 
templating to create 3DOM materials.  
 
After a colloidal crystal template is fabricated, it is then infiltrated with an appropriate 
precursor material through either liquid or vapor phase infiltration. Depending on the 
desired final product, the precursor is chosen based on the ease of infiltration into the 
void spaces of the template and the quality and stability of the final structure. Common 
materials include titania,35, 65, 72 zirconia,72, 107-108 silica,33, 72, 109-110 carbon,111-113 and 
tungsten.72, 114  
After infiltration of the colloidal crystal, the precursor is converted into the desired 
product by processes such as calcination, pyrolysis, chemical etching, solvent extraction, 
or reduction.40, 114-116 Conversion to the final 3DOM product and sphere removal is most 
commonly done in one thermal step in which the polymer is combusted in air or 
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depolymerized under N2. This thermal process also converts the infiltrated precursor 
material into a solid form. In cases where silica spheres are used, a two-step etching and 
thermal treatment process is common.5,40  The process of templating a 3DOM material 
from colloidal crystal to completed 3DOM structure can be seen in Figure 1.9. 
 
 
Figure 1.9. Figure depicting 3DOM synthesis. A colloidal crystal is infiltrated with a precursor material. 
The precursor is converted into the final product and the sphere template is removed to give a completed 
3DOM structure. Reproduced from Stein et al.40  
 
The resulting material is a periodic array of air spheres with walls made of the 
precursor component material (Figure 1.10). The walls are typically on the order of tens 
of nanometers in thickness, while the air sphere voids usually range from a few hundred 
nanometers to 2–3 microns in diameter, depending on the original template size and the 
thermal shrinkage properties of the solid portion. In a well-ordered 3DOM material 
formed from a low-defect colloidal crystal, the void spaces are all interconnected due to 
pore windows throughout the structure where the colloidal crystal particles were 
previously in contact. 
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Figure 1.10. Scanning electron micrograph of 3DOM zirconia. 
1.4.2. 3DOM Material Stop Bands 
The spectral position of photonic crystal stop bands that arise based on Bragg 
diffraction from specific photonic diffraction planes within a 3DOM material can be 
approximated by a combination of Bragg’s law and Snell’s law117-119 (Equation 1.2) with 
the dhkl termed defined in Equation 1.3 for an fcc lattice: 
Equation 1.2 
 
Equation 1.3 
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where λ is the stop band peak wavelength, dhkl is the spacing of diffraction layers, navg is 
the average refractive index of the material, θ is the angle of incident light with respect to 
the surface normal, m is an integer representing the order of diffraction, D is the distance 
between adjacent pore layers, and h, k, and l correspond to the Miller indices of a given 
diffraction plane. In the case of the randomly oriented bulk powders obtained for colored 
materials in this dissertation, the value for θ averages to θ = 0° for normal incidence, and 
Equation 1.2 simplifies to produce Equation 1.4. 
Equation 1.4 
 
Stop bands can be observed in 3DOM materials by performing UV-vis spectroscopy 
if the bands lie within the instrumental range. The stop bands present in a given spectrum 
appear as areas of high reflectance consisting of an approximately Gaussian peak. A stop 
band is present for multiple sets of diffraction planes throughout the material. For most 
fcc photonic crystals with stop bands in the visible region, the only diffraction peaks that 
are observed in the visible spectrum according to UV-vis spectra are the (111) and (200) 
planes. Based on multiplicity rules, the main reflection comes from the (111) diffraction 
planes. The (200) stop band is weak and is often encompassed by the (111) reflection. 
However, for materials with a (111) stop band that is sufficiently red-shifted into the 
longer-wave visible region, it should be noted that other diffraction peaks, such as the 
(220) peak, can enter the visible region and influence color properties (Figure 1.11).  
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Figure 1.11. UV-vis spectrum of inverse opal silica with a (111) stop band in the red region. A  strong 
second reflection (220) can be seen at shorter wavelengths. A weak shoulder on the (111) can be identified 
as the (200) diffraction peak. The positions of the (200) and (220) peaks were calculated using the (111) 
position and an established fill fraction value for the solid component. 
 
The ability to template 3DOM materials with polymer spheres enables a high degree 
of tunability for photonic properties. The polymer spheres are typically synthesized using 
an emulsion polymerization technique, which allows for variability in the size of the 
spheres that are produced. Since the size of the template spheres determines the final size 
of the 3DOM structure pores, the stop band positions of the material can vary greatly.120 
Figure 1.12 shows the wide range of visible bandgaps in 3DOM ZrO2 that can be 
achieved using various diameters of monodisperse colloidal spheres. Using a solvent to 
infiltrate the pores is also a way to increase the wavelength that is reflected because the 
addition of a solvent will affect the navg term in Equation 1.2. When the pores are filled 
with solvent instead of air, the average refractive index of the material increases, red-
shifting the stop band position.64 
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Figure 1.12.  3DOM zirconia powders. Diffuse-reflectance UV-vis. A) ZrO2 (200), B) ZrO2 (250), C) ZrO2 
(285), D) ZrO2 (250) filled with methanol, E) ZrO2 (285) filled with methanol. Numbers in parentheses 
represent pore sizes. Reproduced from Schroden et al.64  
 
While the primary (111) stop band position of a photonic crystal dictates the color 
expressed by the material, the shape of the stop band (as observed in UV-vis spectra of 
photonic crystals) governs the purity and intensity of that color. The shape of the peak 
can be broken down into two vital characteristics, the bandwidth, and the reflection 
intensity.  
The bandwidth of the stop band in a photonic crystal affects the color expression of 
the crystal by including or excluding the wavelengths around the stop band position. If 
the bandwidth is small, few wavelengths are included within the stop band and the color 
expression will be limited to a small portion of the visible spectrum. The structural 
contribution to the perceived color of the material is limited to those few, grouped 
wavelengths, allowing the manifestation of specific colors found in the electromagnetic 
spectrum. If the stop band is broad, however, the perceived color is more influenced by 
the wavelengths around the stop band position, leading to color-mixing as the stop band 
extends out from the center. Kanai at al.121 have proposed that increases in the width of 
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the stop band in a photonic crystal are likely the result of inhomogeneities in d-spacing or 
refractive index within the crystal layers, with the values for these properties fluctuating 
around a value that represents a perfectly homogeneous crystal. This fluctuation produces 
an effect that can be approximated as several overlapping stop bands with small changes 
in navg and dhkl giving rise to small shifts up or down in the spectrum, but always centered 
about the homogeneous crystal stop band. 
The shape of the stop band is also dictated by the diffraction intensity,118 which 
determines the relative magnitude of the stop band. The ratio of diffraction intensity (IH) 
and incident intensity (I0) for a set of planes H can be expressed as 
Equation 1.5                         
𝐼𝐻
𝐼0
= 𝐿 − (𝐿2 − 1)2  
where 
Equation 1.6                 𝐿 = 𝑦2 + 𝑔2 +√(𝑦2 − 𝑔2 − 1)2 + 4𝑔2𝑦2  
with the components y and g described as 
Equation 1.7                         𝑦 =
𝜓0
′+2(
𝜆
𝜆𝐵
−1)𝑠𝑖𝑛2𝜃
𝐾𝜎,𝜋𝜓0
′𝑓
  
and 
Equation 1.8                         𝑔 =
𝜓0
′′
𝐾𝜎,𝜋𝜓0
′𝑓
  
In these expressions, λ is the wavelength of the incident light, 𝜓0
′′ is a term that 
accounts for losses in intensity caused by scattering, and, for polarizations normal or 
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parallel to the diffraction plane, Kσ = 1 and Kπ = cos2θ can be used, respectively. The 
scattering factor (f) for spherical particles of radius a is provided by 
Equation 1.9                         𝑓 =
3
𝑢3
(sin 𝑢 − 𝑢 cos 𝑢)  
with 
Equation 1.10                         𝑢 =
4𝜋𝑎
𝜆
sin 𝜃  
These equations show that the intensity of the stop band is largely dependent on 
refractive index contrast of the dielectric materials, with high contrast increasing the 
intensity of the reflection.  
1.4.3. 3DOM Materials for Color Applications 
1.4.3.1. 3DOM Materials as Pigments 
The structural color of 3DOM materials is an important advantage of photonic 
crystal-based pigments over traditional pigments that are based on light absorption 
through electronic effects. For conventional pigments, each color requires the use of one 
or more specific compounds. Photonic crystals, however, employ a structural color 
mechanism that enables the use of a single material in order to achieve all spectral colors 
through the tailoring of the periodic spacing in the structure. The use of light-stable 
materials in photonic crystals also prevents photo-bleaching, which is a common cause 
for the degradation of color in conventional colorants. 
For structurally-colored pigments, 3DOM materials also offer some advantages over 
other photonic pigments. Currently used photonic pigments made from layered clays or 
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other types of Bragg stacks are often fabricated using top-down, layer by layer 
techniques.122-124 The facile, bottom-up approach to synthesizing 3DOM materials allows 
for a high degree of control over long-range periodicity and does not require multiple 
synthesis steps to construct each layer. In finely powdered materials and with diffuse 
light sources, the multi-dimensionality of 3DOM materials also helps to mitigate the high 
angle dependence seen in one-dimensional Bragg stack photonic crystals by presenting 
diffraction planes from multiple crystal orientations and averaging the photonic angle-
dependent colors. 
1.4.3.2. 3DOM Materials as Dynamic Optical Sensors 
3DOM colored materials also possess another advantage over traditional pigments in 
that they can function as dynamic and reversible optical sensors under certain conditions 
using specialized materials. Such optical sensors have been realized by employing 
opaline materials in the past.125-126, 127-128, 129-130 
While 3DOM materials can be used in many of the same ways as opaline photonic 
crystals for temperature and infiltration-induced lattice changes in hydrogel and polymer 
compositions,131-139 3DOM materials have the greatest advantage over opaline materials 
in their response to refractive index changes. To illustrate this, Equation 1.4 can be used 
to estimate the difference in stop band shifts for a dry silica opal and a dry silica inverse 
opal after infiltration with ethanol (refractive index of silica=1.455, ethanol=1.333). 
Using the values for perfect packing and a dhkl of 250 nm for both structures, the stop 
band for the opal shifts by 43 nm while the inverse opal experiences a shift of 123 nm to 
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longer wavelengths, resulting in a sensor that is more sensitive to slight changes in 
refractive index. 
In addition to the morphological advantage of having at least three times the void 
space as photonic crystal opals, 3DOM materials also offer much greater variety in 
potential structural compositions. The ability to choose from a larger pool of potential 
materials enables researchers to increase the refractive index contrast in a photonic 
crystal by employing materials with a higher value of n. This allows for much higher stop 
band intensities and increased coloration, opening up opportunities for color-changing 
pigment applications.  
The use of higher refractive index materials beyond polymers and hydrogels for 
opaline photonic crystals enables syntheses of high refractive index photonic crystals that 
do not undergo lattice changes, allowing for purely refractive index-induced 
solvochromic changes of a much greater magnitude than those seen in opaline photonic 
crystals. Also, the greater thermal stability and, often, good chemical stability of metal or 
metal oxide-based inverse opals allow for dynamic color changes in a wider array of 
conditions and environments.  
The first example of a solvent-induced color change in 3DOM materials was put forth 
by Schroden et al.64 Colored 3DOM powders of various metal oxides were synthesized 
with stop bands in the visible spectrum. The powders were then infiltrated with various 
solvents while the stop band position was monitored by UV-vis spectroscopy (Figure 
1.13). The 3DOM metal oxides exhibited a much larger shift in position than similar 
studies by Bogolomov et al. on opals of similar composition.140-141 Such a large shift in 
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color is a product of having a larger void space capable of accommodating solvent. With 
>74% of the structure being composed of air with a refractive index of 1, replacing that 
fraction of space with solvents of various refractive indices (all larger than 1) raises the 
navg of the photonic crystal beyond what would be possible with an opal structure. This 
increases the potential optical signal shift. 
 
Figure 1.13. Diffuse reflectance UV-vis spectra of 3DOM zirconia with different infilling material. (A) Air 
n = 1 , (B) methanol n = 1.329, (C) ethanol n = 1.360, (D) 2-propanol n = 1.377, (E) tetrahydrofuran n = 
1.407, (F) DMF n = 1.431, (G) toluene n = 1.496, and (H) 1,2-dibromoethane n = 1.538. Reproduced from  
Schroden et al.64  
 
The response of a colored 3DOM material to infiltration can be further tuned, as in 
the case of silica inverse opals modified to create regions of different wettability within 
the crystal (Figure 1.14).142-143 Upon infiltration with a solvent, only regions that are 
wettable above a certain threshold allow for the infiltration of the solvent. The wetted 
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areas are revealed by their stop band shift from the refractive index change in the pores of 
the material. Using this technique, it is possible to create patterned photonic crystals with 
regioselective optical switching that can function as selectively exposable pigmentation. 
This sort of discriminatory stop band shifting has numerous applications for sensing of 
liquids with a specific surface tension. 
 
Figure 1.14. Schematic of the procedure for introducing variations in wettability within a photonic crystal. 
Repeated exposure to alkylchlorosilane vapors followed by oxygen plasma etching while using 
poly(dimethylsiloxane) masks allows for the creation of different areas of wettability. Reproduced from 
Burgess et al.142 
 
This selective, solvochromic tunability of 3DOM materials over wide wavelength 
ranges provides an advantage in optical sensing over opaline photonic crystals. Sensors 
that can detect analytes in liquids or gases, or even phase detection sensors have been 
realized by harnessing the sensitivity and functionalizability of these inverse opal 
structures. Numerous examples of these sensors that detect shifts in stop band position 
with changing refractive index have been published.96, 144-145  
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More sophisticated materials that tailor these optical sensors for detection of specific 
analyte compounds or selection of specific solvents from a mixture have also been 
realized. A 3DOM optical sensor based on a phenolic resin exhibited both 
superoleophilic and superhydrophobic properties, allowing it to act as a hydrocarbon 
sensor that does not suffer from the interference of water or other polar solvents. The 
sensor exhibited a linear response in stop band position with increases in refractive index 
when exposed to several different petroleum components such as octane, tetradecane, 
hexadecane, diesel oil, wax oil, and isopropylbenzene. The uptake of solvents into the 
3DOM structure was reversible by washing with octane and drying.146 
Inverse opal optical sensors can be further specialized for certain analytes by 
attaching specific functional groups to the surface of the material. For example, by 
attaching specific probe antibodies, it is possible to create functionalized inverse opal 
photonic beads that exhibit average refractive index changes upon the binding of analyte 
proteins. The large void space present in the inverse opal increases the throughput of 
potential analyte throughout the structure and improves the response times of such 
devices.147  
The large void space present in 3DOM structures is also ideal for infiltration with 
liquids whose own refractive index can be dynamically tuned. Optically birefringent 
nematic liquid crystals infiltrated into an inverse opal can provide instantaneous dynamic 
tunability through both electrooptical switching and a thermally-driven phase transition 
of the liquid crystal.148 An electro-optic shutter effect was realized by switching the 
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orientation of nematic molecules inside an inverse opal structure using an external 
electric field.  
Rapid photo-induced switching has been realized using liquid crystal infiltration into 
an inverse opal lattice. Photochromic liquid crystal azo dyes were incorporated into a 
silica inverse opal and irradiatiated with UV light. A cis-trans isomerism induced by the 
irradiation caused a nematic-to-isotropic phase transition in the liquid crystal. The reverse 
was accomplished upon irradiation with visible light. In the nematic phase, the dielectric 
constant of the liquid crystal was not uniform throughout each inverse opal pore due to 
random orientations of the liquid crystal. This interrupted the periodicity of the Bragg 
diffraction planes, and a strong stop band was not observed. Upon irradiation and a phase 
change to the isotropic phase, anisotropy was lost, the dielectric constant became uniform 
throughout the material, and a stop band was produced. This same experiment was 
attempted with a silica opal structure, however, the small void space limited the effects 
that could be observed with the photo-induced switching.149  
1.4.4. Color Optimization in 3DOM Materials 
In order to increase the magnitude of the optical signal in photonic sensors or increase 
the coloration of photonic pigments, structural color optimization in 3DOM photonic 
crystals is an important step toward achieving the full potential of these materials. A 
simple strategy towards improving the optical signal from a material standpoint is to 
increase the refractive index contrast between the high and low dielectric portions of the 
crystal. This serves to increase the intensity of the stop band, improving response 
intensity. In sensor applications, little can be done about the refractive indices of the 
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chosen analytes. Therefore, higher n materials must be used in order to increase the 
magnitude of contrast between diffraction planes. By increasing the reflective response of 
these photonic crystals, it is also possible to retain a higher stop band intensity after the 
decrease in reflectance associated with the infiltration of liquids. These infiltrations 
reduce the refractive index contrast between the high and low dielectric portions of the 
crystal and decrease the intensity of the photonic reflection. However, care must be taken 
to avoid strong optical absorption by the material itself in the stop band region, lest 
electronic transitions affect the intended color properties. 
In the case of 3DOM materials, the enhancement of the stop band can be achieved by 
increasing the refractive index contrast of the wall material. With a highly periodic 
structure, complete band gaps are possible for 3DOM materials with an index of 
refraction contrast of 2.8 or greater.150 Towards this end, high refractive index inverse 
opals have been prepared using materials such as tantalum nitride,151 silicon,152 and 
germanium153 in order to achieve a complete band gap.  
Structural modification can also be used to improve the optical properties of inverse 
opals. Most high n inverse opals have very limited penetration of light into the structure 
due to visible light absorbance from the structure walls and limited window sizes 
between pores. By enlarging the windows and opening up the structure for penetration of 
photons, truly 3-dimensional optical effects start to appear rather than just surface effects 
commonly seen in structures with small window sizes (Figure 1.15).154 
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Figure 1.15. Left: SEM images of Ni inverse opals with varying fill fraction (FF). Right: Reflectivity as Ni 
FF reduces for each color presented. Spectra with black lines represent 26% FF with lighter lines 
representing decreasing FF. Reproduced from Yu et al.154 
 
For applications such as pigmentation, where intense and vibrant colors are desired, 
increasing the reflectance of the photonic crystal through refractive index contrast is not 
the only strategy to use in order to increase the coloration of the material. Some potential 
materials for 3DOM photonic crystals may not be suitable for pigmentation due to their 
low or high absorbance, with low absorbers appearing mostly white and high absorbers 
appearing mostly black. Both still manifest opalescent color, but the effect is largely 
trumped by the materials’ absorbance properties. It has been shown that predominantly 
white, opalescent, polymer colloidal crystals can become more intensely colored by the 
controlled incorporation of an absorbing material with the structure.155 The absorbing 
material acts to decrease the number of photons that are scattered out of the crystal that 
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are not part of a diffraction event, lowering the reflectance spectrum of the material at all 
wavelengths, allowing easier visual perception of the stop band wavelengths. Several 
functional materials employing this concept have been recently synthesized. They exhibit 
a dramatic enhancement of color intensities as a result of the addition of an absorbing 
substance, usually carbon black or carbon nanoparticles.156-161 
The effects of the amount of carbon black incorporated into a polymer opal structure 
were also studied, showing an increase in maximum stop band reflectance above the 
background reflectance with the addition of a small amount (0.05 %wt) of carbon black. 
A maximum in stop band peak height was reached at 0.15 %wt, with subsequent 
additions of carbon black reducing the intensity of the reflectance at the stop band by 
absorbing photons even at the stop band (Figure 1.16). The reduction in scattering due to 
the added absorber can be seen clearly in Figure 1.16 by the reduction in background 
reflectance relative to the stop band peak.156 This effect can also be seen in colloidal 
sphere arrays using magnetite particles that provide a dark background without the 
addition of an absorber.162 The incorporation of an in-situ carbon absorber into 3DOM 
materials and the optical effects that results from the incorporation are discussed in 
Chapter 2 of this dissertation. 
 42 
 
 
Figure 1.16. Reflectance spectra of colloidal crystal films consisting of 241 nm polymer spheres with 
differing %wt. composition of carbon black. Reproduced from Shen et al.156 
 
1.4.5. 3DOM Photonic Crystals For Non-Color Applications 
3DOM photonic materials with stop bands outside of the visible spectrum are also of 
interest for various applications. By coupling the semiconductor band edge absorbance 
properties of certain 3DOM compositions with the reflectance properties of a photonic 
stop band, a material could potentially be synthesized that has UV-blocking properties 
beyond the material properties of commercially available, physical UV blockers. To date, 
no research has been published on this topic.  
While dielectric materials are often used for photonic crystals, metallic materials can 
also be used with interesting results. Most of the focus in the field of periodic photonic 
crystals has dealt with dielectric materials because their absorption in the optical range is 
low, which is desirable for optical applications such as photonic circuits and waveguides. 
Metallic photonic crystals have been considered inferior for these applications because 
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they can exhibit significant absorbance as optical frequencies are increased.163 However, 
for thermal emission applications, metallic photonic crystals have other properties that 
can be very useful. It has been shown that if the metallic photonic crystal is part of a 
network such as a 3DOM structure, a different type of photonic band gap arises. If a 
networked metallic structure is considered, the photonic band gap theoretically can 
broaden and extend to the zero frequency level, effectively forbidding all included 
frequencies from propagating through the crystal (Figure 1.17). Because of the wide 
range of affected wavelengths, the precise symmetry of the crystal is no longer as vital as 
it is in the case of dielectric crystals.163 
 
 
Figure 1.17. Cartoon of a metallic photonic crystal band diagram.  The band gap extends down to the zero 
frequency level. All frequencies in the band gap are forbidden from propagating inside of the structure. 
Modified from John et al..9 
 
The stop band responsible for reflection of electromagnetic radiation in a photonic 
crystal can also modify the emission of radiation from the material.115, 164-165 Therefore, if 
a photonic material possesses a stop band at a certain spectral position, any emission 
from that material at the stop band position will be reduced. This phenomenon can 
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potentially be harnessed in order to create specialized thermophotovoltaic 
emitter/absorber materials. By tailoring the emission of these materials in the IR range of 
wavelengths, these metallic photonic crystals can be made to emit in specific ranges of IR 
radiation upon heating through renewable sources such as solar and waste heat from 
existing energy conversion pathways. The emission spectrum can be matched with 
specific diode materials in order to maximize the energy conversion while avoiding 
emission in unusable wavelengths. These thermophotovoltaic materials can be used as 
renewable energy sources if they are heated through solar mirrors or use waste heat from 
existing energy pathways. 
1.5. Thesis Organization 
The subsequent chapters in this dissertation outline the synthesis and characterization 
of several 3DOM compositions for various optical and photonic applications. The 
following two chapters involve the synthesis, characterization, and optimization of 
colored 3DOM pigment powders. Chapter 2 will address the important role of light-
absorbing carbon as a contrast agent within 3DOM structures. Investigations into various 
synthesis parameters that can provide in-situ control over the presence and magnitude of 
this contrast are described along with a method of incorporating carbon species within 
3DOM structures through an ex-situ process. Chapter 3 then describes the synthesis of 
3DOM SiO2 for colored pigment applications. An emphasis is placed on the influence of 
heating temperatures on the final unit-cell parameters of the photonic structure which 
allows for fine-tuning of the structural color. Also demonstrated is the unique additive 
color-mixing mechanism of 3DOM colored pigments. 
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Chapter 4 discusses the use of 3DOM TiO2/SiO2 composites for UV blocking 
applications. The main goal of these studies is to extend the UV blocking properties of 
materials used for UV protection by placing photonic stop bands at specific wavelengths 
in order to improve UV coverage. In addition to this, methods of eliminating solvent 
infiltration into 3DOM pores are discussed. 
The synthesis of metallic photonic thermophotovoltaic emitter materials is 
investigated in Chapter 5. Several issues in the production of these materials are 
addressed, such as the challenges of creating colloidal crystal-templated materials with 
stop bands in the IR and concerns about the thermal stability of metallic photonic crystals 
at high temperatures. 
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Chapter 2 
The Effects of Integrated Carbon as a Light Absorber on the Coloration of Photonic 
Crystal-based Pigments 
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Parts of this chapter are reproduced with permission from ref.166 
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2.1 Introduction 
Color is an important means of visual expression and impacts much of our lives. 
Colored materials are used for decoration, communication, guidance, organization, a 
means of warning, and other applications.7 Most dyes and pigments used to impart a 
material with color are based on light absorption via electronic transitions between 
energy levels that are separated by an amount of energy corresponding to the visible 
portion of the spectrum. The resulting colors are therefore a function of the composition 
of the dyes and pigments and their structures at an atomic and molecular level. In the case 
of pigments, which are insoluble colorants in the medium of consideration, light 
scattering plays an additional role in their appearance.   
Still less ubiquitous in technological applications are materials that display structural 
color. Here, the coloration arises not from electronic transitions but from structural 
features on a length scale that is on the order of wavelengths in the visible range. 
Interaction of light with these structures results in interference and diffraction effects that 
can produce a colored appearance, often with a strong dependence on the viewing angle. 
Technologically, these effects are exploited, for example in color-shifting interference 
pigments or pearlescent pigments.167 Several examples of structural color can also be 
found in nature. Certain species of butterflies and invertebrates as well as multiple types 
of flora possess color resulting from the periodic arrangement of features on their 
surfaces.10-12 Natural examples can also be found in minerals such as labradorite.13 The 
most well-known mineral example is probably the natural opal which, despite being 
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composed of optically transparent silica spheres, is able to express a wide range of colors 
caused by the reflection of light due to its periodic structure.14 
One such photonic crystal structure, a 3DOM material, is described in Chapter 1. The 
color properties of 3DOM photonic crystals allow for their use as photonic pigments. For 
applications targeting 3DOM pigments with specific structural colors, the position of the 
stop band is approximated by a combination of Bragg’s law and Snell’s law (Equations 
1.2-1.4).  
This relationship points out an important advantage of photonic crystal-based 
pigments over traditional pigments that are based on light absorption through electronic 
effects. For conventional pigments, each color requires the use of one or more specific 
compounds. Photonic crystals, however, employ a structural color mechanism that 
enables the use of a single material, in order to achieve all spectral colors through the 
tailoring of the periodic spacing in the structure. The use of light-stable materials in 
photonic crystals also prevents photo-bleaching, which is a common cause for the 
degradation of color in conventional colorants. 
In order to create vividly colored 3DOM pigments, it is necessary to optimize their 
color characteristics. Long-range structural order, as well as regular periodicity of pore 
walls, is important in order to produce intense stop bands. Stop band intensities can also 
be enhanced by employing materials with high indices of refraction such as TiO2 or ZrO2. 
In previous studies by Schroden et al., brilliantly colored 3DOM ZrO2 powders were 
synthesized using an acetate precursor and heating the colloidal crystal 
template/precursor composite to 450 °C in an air/nitrogen mixture.64 However, when 
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3DOM ZrO2 was prepared using an alkoxide precursor with heating to 575 °C in air, a 
white powder was obtained. Both structures were highly periodic at the length scale of 
macropores, and in both materials the periodic ZrO2 skeleton was composed of 
interconnected crystalline grains. After analyzing the grain sizes of each sample (1–2 nm 
and 28 nm, respectively), it was concluded that the difference in microstructure was 
responsible for the different visual appearances of the samples. Random light scattering 
from the rougher wall surfaces was considered to be a cause for the reduced coloration of 
the second sample. However, later observations have provided evidence that the wall 
roughness in 3DOM materials may not be the major factor influencing color intensity. 
For example, 3DOM ZrO2 coated with Ru-loaded zeolite nanoparticles exhibited a high 
degree of surface roughness,168 yet the material was strongly opalescent with green 
structural color (Figure 2.1). Therefore another cause may be responsible for the variation 
in color intensities. 
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Figure 2.1. Photographs of (A) 3DOM sulfated ZrO2, (B) the same sample in which the surface was coated 
with a polyelectrolyte, (C) the material, surface coated with NaY zeolite nanoparticles, (D) the zeolite-
coated sample after partial ion exchange with Ru3+ and reduction of Ru. As illustrated in Figure 1A–D of 
Wang et al.,168 samples A and B have smooth macropore surfaces, C and D have highly textured. In these 
samples, the sample color and color intensities are therefore not correlated with surface roughness of the 
3DOM skeletal walls. The samples exhibit reversible color shifts when infiltrated with isopropanol, 
confirming that the colors are photonic. Reproduced from Wang et al.168 
 
Considering the polymer-sphere templated synthesis of 3DOM ZrO2 using precursors 
containing carbon, incomplete combustion of the organic components may leave carbon 
in the heated 3DOM material. Such carbon inclusions would provide a light-absorbing 
background that can contribute to increased coloration of the material. In the case of 
opal-type structures, it has recently been shown that addition of carbon nanoparticles can 
enhance the photonic coloration of the materials.155-161, 169 For example, Aguirre et al. 
found that white opalescent polymer colloidal crystals became uniformly and strongly 
colored after the addition of carbon black that acted as an absorber within the structure.155 
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The color could be tuned by the size of the polymer spheres, and its intensity depended 
on the carbon loading up to a few wt% of carbon, above which the materials became 
black. The inclusion of this absorber species served to prevent the scattering of stray light 
and limited the reflected light to coherent light generated by the stop band alone. 
Interestingly, carbon nanoparticles were not uniformly distributed throughout the opaline 
material and were in direct contact with the photonic crystal particles only in a few 
regions. 
Given their brilliant colors, 3DOM ZrO2 particles are potential candidates as novel 
pigments with excellent thermal stability and chemical resistance. Because of the large 
difference in optical properties of these materials, depending on processing conditions, a 
proper understanding of the source of the different color intensities is important. In the 
current work we will test the hypothesis that in-situ generated carbon is responsible for 
enhancing color intensities of 3DOM ZrO2 materials. Multiple syntheses are discussed in 
this chapter, in which the intrinsic carbon content of the products is controlled by 
employing different heating temperatures and atmospheres and correlated with color and 
color intensities. Grain size effects will also be considered. These studies are then 
followed by a controlled, systematic re-addition of carbon to colorless 3DOM ZrO2 in 
order to provide further information about the effect of absorber content on the coloration 
of 3DOM materials. It was found that the light absorber plays a key role in imbuing these 
materials with intense structural color. The ability to fine-tune photonic color 
characteristics through modulation of the absorber content will be an important 
consideration in future developments of 3DOM pigments and related pigments with 
structural color.  
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2.2. Experimental 
2.2.1. Materials 
Reagents were obtained from the following sources: zirconium acetate (in dilute 
acetic acid) and methyl methacrylate (99%) from Aldrich; methanol and potassium 
persulfate from Fisher; sucrose from Mallinckrodt. Water was obtained from an in-house 
system and was distilled and deionized to 18.3 MΩ·cm. 
2.2.2. Synthesis of the PMMA Colloidal Crystal Template 
Monodisperse PMMA colloidal spheres (diameter: 410±7 nm) were synthesized by 
emulsifier-free emulsion polymerization adapted from established syntheses.170-171 
Negatively charged spheres in a water suspension (~18 wt%) were obtained by using 
potassium persulfate as a radical initiator. The sphere suspension was then placed in a 
crystallization dish and allowed to sediment into face-centered cubic arrays. After drying 
at room temperature for approximately one week, white opalescent monoliths of the 
colloidal crystal template were obtained with dimensions ranging from 1 mm to 1 cm. 
The sphere size of 410 nm was chosen in order to ensure that the stop band positions of 
all materials herein would lie within the visible spectrum. 
2.2.3. Synthesis of 3DOM ZrO2 
A mixture of 3 g of zirconium acetate and 3 g of methanol was stirred in a glass vial 
for 5 min. PMMA colloidal crystal template pieces (6 g) were placed on filter paper in a 
Büchner funnel, and the zirconia precursor solution was added dropwise over the top of 
the colloidal crystal template while suction was applied to pull excess precursor solution 
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through the funnel. The infiltrated template was allowed to dry for 24 h. The composite 
was then placed in an alumina crucible inside a quartz tube and heated in a tube furnace 
under either air or N2 flowing at 0.6 L/min to convert the infiltrated precursor into solid 
macroporous ZrO2 and remove the template. Samples were heated at 2 °C/min to either 
450 °C or 700 °C. Identical procedures without sphere templates were also used to 
synthesize non-templated materials. This synthesis produced powdered samples that were 
further ground using a mortar and pestle to minimize the color contribution of randomly-
oriented large crystal faces. Final particle sizes varied widely, with typical ranges from 
10 to 200 µm and periodically ordered domains of ca. 10 to 50 µm within particles. 
2.2.4. Addition of Carbon to 3DOM ZrO2 
Multiple samples of 3DOM ZrO2 (0.15 g each) that had previously been heated to 
700 °C in air were infiltrated with 0.5 g of aqueous sucrose solutions with various 
concentrations (0.1, 1, 5, 10, 15, and 20 wt% sucrose). The wet materials were then 
quickly heated to 100 °C in a drying oven for 30 min to prevent large sucrose crystals 
from forming and to ensure the formation of a homogeneous coating throughout the 
porous structure. The dried 3DOM ZrO2 powders were then heated at 15 °C/min to 500 
°C under nitrogen and immediately cooled. 
2.2.5. Characterization  
Diffuse reflectance UV-vis spectra were obtained using a Hewlett Packard 8452A 
diode array spectrophotometer with a Labsphere RSA-HP-84 reflectance attachment and 
a barium sulfate disc as a reference. Scanning electron microscopy (SEM) images were 
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obtained using a JEOL 6700 scanning electron microscope. Samples were prepared for 
the SEM by lightly dusting them onto adhesive carbon tape and affixing them to 
aluminum mounts. All samples were coated with 50 Å of platinum. Transmission 
electron microscopy (TEM) images and electron diffraction patterns were obtained using 
an FEI Technai T121 microscope (LaB6 filament) operated at 120 kV. Samples for TEM 
were prepared by sonicating the 3DOM ZrO2 powders in ethanol for 10 min and 
dispersing the resulting material on a carbon-coated Cu grid. Thermogravimetric analyses 
(TGA) were carried out using a Netzsch STA 409 PC thermal analyzer. All samples were 
heated in alumina crucibles. XRD was performed on a Panalytical X’pert Pro 
diffractometer with a cobalt source (Kα, λ = 1.789 Å) operated at 45 kV, 40 mA. 
Elemental analysis for carbon and hydrogen was performed by combustion analysis by 
Atlantic Microlab, Inc. (Norcross, GA). 
2.3. Results and Discussion 
2.3.1. Synthesis of 3DOM ZrO2 
Potential sources for carbon in the 3DOM ZrO2 samples are the acetate ions in the 
precursor and the polymeric colloidal crystal template. To investigate the roles of carbon 
and zirconia grain size in 3DOM ZrO2 pigments, materials were synthesized at either 450 
°C or 700 °C under either an oxidizing atmosphere (air) or a non-oxidizing atmosphere 
(N2). The same ZrO2 precursor and the same PMMA colloidal crystal template were used 
for all materials. All 3DOM ZrO2 samples exhibited structural color that varied in 
intensity and hue as the heating atmosphere or temperature were changed (Figure 2.2). 
For comparison, the corresponding samples prepared without a colloidal crystal template 
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did not show structural color but appeared either white when heated to 700 ˚C in air or 
exhibited various shades of gray and black. The gray/black appearance of the 
nontemplated materials indicates that acetate ions must be a significant source of carbon 
and PMMA is not needed to produce the darkening effect.  
 
 
Figure 2.2. Photographs of untemplated ZrO2 and 3DOM ZrO2 samples heated under various conditions. 
Because the sample appearance depends strongly on the type and position of the light source, multiple 
photos of each sample were taken, and the most representative images were chosen for this figure. 
Untemplated ZrO2, shown here for comparison, was synthesized using identical procedures but without a 
sphere template. 
 
2.3.2. UV-vis Characterization of 3DOM ZrO2 
Optical reflectance spectra of all 3DOM ZrO2 samples showed a single stop band in 
the visible region of the spectrum assigned to the (111) diffraction peak (Figure 2.3). The 
width of the stop band is typical for 3DOM materials produced by the methods used in 
this study, in which boundaries between ordered domains and surface defects on each 
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photonic crystal particle contribute to broadening of stop bands. The differences in hue of 
each material were due to shifts in the stop band position as a result of the reduction in 
pore spacing as 3DOM ZrO2 underwent densification at higher temperatures. For 3DOM 
ZrO2 synthesized at 450 °C in air (designated as 3DOM ZrO2(450/air)), higher 
temperatures were experienced than for 3DOM ZrO2(450/N2) due to the exothermic 
combustion of carbonized precursor and polymer template constituents that caused 
increased local temperatures within the structure. As a result, the macropore size in 
3DOM ZrO2(450/air) was smaller, which was manifested as a strong blue-shift of 74 nm 
in the stop band position (Table 2.1). Therefore, the 3DOM ZrO2(450/air) sample 
appeared purple, whereas the 3DOM ZrO2(450/N2) sample was green. For the 3DOM 
ZrO2(700/air) and 3DOM ZrO2(700/N2) samples, there was also a stop band shift of 50 
nm. However, neither material was vividly colored, with 3DOM ZrO2(700/air) being 
nearly white and 3DOM ZrO2(700/N2) exhibiting a very dark blue coloration. 
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Figure 2.3. UV-vis spectra of 3DOM ZrO2 samples synthesized at varying heating temperatures in air or 
N2 atmospheres. The (111) peak positions are marked with arrows.  
 
The UV-vis reflectance spectra showed significant differences in the stop band 
intensities (Table 2.1), which were calculated as the differences in absolute peak 
intensities and background reflectance (here defined as the lowest intensity in the spectral 
range from 400 to 800 nm for each sample). When comparing Figures 2.2 and 2.3, it can 
be seen that the most vividly colored samples were those heated to 450 ˚C, which 
exhibited background reflectance values between around 3 and 10% with clearly defined 
photonic stop bands. Although 3DOM ZrO2(700/air) was opalescent and exhibited a 
comparatively intense stop band, its high reflectance across the whole visible spectrum 
led to the white appearance. The darkest sample, 3DOM ZrO2(700/N2), on the other 
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hand, reflected very little light across the whole spectrum and the (111) stop band 
projected only slightly above the background. 
Table 2.2. Structural, optical, and compositional data of 3DOM ZrO2 samples heated under various 
conditions 
 
450 °C air 450 °C N2 700 °C air 700 °C N2 
pore sizea (nm) 269 319 252 278 
stop band position (nm) 462 536 436 486 
stop band intensityb (%) 11.0 5.2 15.2 2.7 
backgroundb (%) 8.5 3.9 79.9 1.4 
grain sizec (nm) 11 <1 12 6 
wt% loss (TGA) 4.8 20.0 0.6 15.7 
% carbon (EA) 2.48 14.93 0.33 12.36 
% hydrogen (EA) 0.13 1.44 0.15 0.43 
 
aPore sizes were estimated from SEM images. 
bIntensity and background values are the highest and lowest reflectance values in the UV-vis spectra, 
respectively, in the spectral range from 400 to 800 nm. 
cGrain sizes were determined by line broadening in XRD patterns, using the Scherrer equation. 
 
2.3.3. Powder XRD of 3DOM ZrO2 
Because the surface texture of the zirconia skeleton had previously been considered to 
be a factor in determining the coloration of 3DOM ZrO2 materials, it was investigated by 
powder XRD and electron microscopy. Powder XRD patterns of all samples showed 
peaks associated with the tetragonal zirconia phase (Figure 2.4). The 3DOM 
ZrO2(700/air) sample also contained a monoclinic component. This phase change 
indicated that 3DOM ZrO2(700/air) was exposed to higher local temperatures than 700 ˚C 
during calcination,172 which was consistent with the UV-vis spectrum showing a stop 
band at lower wavelength than for the other samples (i.e., increased shrinkage). Grain 
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sizes for all samples were estimated from X-ray line broadening by the Scherrer equation 
and can be found in Table 2.1. As expected, all samples exposed to temperatures higher 
than 450 ˚C, either through an increased synthesis temperature or the combustion of 
carbon in an oxidizing atmosphere, produced measurable grain sizes while the grain size 
for 3DOM ZrO2(450/N2) was too small to be estimated by the Scherrer equation. 
Interestingly, 3DOM ZrO2(700/N2), which possessed the lowest stop band intensity, also 
had the lowest measurable grain size, making this another counter-example to the idea 
that weak structural color results from larger skeletal grains. Furthermore, 3DOM 
ZrO2(700/air), which appeared almost pure white, had similar grain sizes when compared 
to 3DOM ZrO2(450/air), which was intensely colored. SEM and TEM images of each 
sample show relatively little difference between the skeletal texture of the different 
samples, regardless of coloration Figures 2.5 and 2.6). Therefore, no direct correlation 
could be found between grain size and color intensities of these 3DOM ZrO2 materials. 
 
 
Figure 2.4. Powder XRD patterns of 3DOM ZrO2 heated under the conditions indicated. The diffraction 
peak located at 52° 2θ corresponds to the aluminum sample holder.  
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Figure 2.5. SEM images of 3DOM ZrO2 heated under various conditions. The atmospheres during heating 
and maximum heating temperatures are indicated. All samples exhibit highly ordered porosity. 
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Figure 2.6. TEM images of 3DOM ZrO2 heated under various conditions. The atmospheres during heating 
and maximum heating temperatures are indicated. Insets show electron diffraction patterns for each sample. 
 
2.3.4. Carbon Content in 3DOM ZrO2 
To examine the role of carbon on coloration, the carbon and hydrogen content of each 
of the four samples was determined by elemental analysis (Table 2.1). Results showed 
that 3DOM ZrO2(450/N2) and 3DOM ZrO2(700/N2) contained the most residual carbon 
with 14.9 wt% and 12.4 wt%, respectively. However, the hydrogen content of 3DOM 
ZrO2(700/N2) was much lower, indicating less-functionalized, more graphitic carbon, 
which would act as a better light absorber and produce the observed darker coloration of 
this sample. As expected, both samples calcined in air contained less carbon than the 
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samples heated under N2, with 2.5 wt% and 0.6 wt% carbon for 3DOM ZrO2(450/air) and 
3DOM ZrO2(700/air), respectively. As both of these samples possessed similar grain 
sizes, the much stronger coloration of 3DOM ZrO2(450/air) was likely due to the 
presence of small amounts of carbon.  
TGA carried out in air up to a temperature of 1000 °C provided information about the 
temperatures at which mass losses occurred (Figure 2.7). Two separate mass loss events 
could be found, one above ~300 °C and one between ~600 and 700 °C. Similar mass loss 
events were also observed in the case of sulfonated zirconia that included small amounts 
of coke.173 These mass loss events correspond to different moieties of carbon, the nature 
of which has proven difficult to determine. It is possible that the lower temperature mass 
loss is due to surface carbon and the higher temperature loss due to carbon trapped within 
the zirconia walls. In support of this explanation, the higher temperature event was much 
less pronounced for corresponding 3DOM ZrO2 samples prepared from 325 nm PMMA 
spheres, i.e., materials which would have thinner walls (data not shown). Furthermore, 
when carbon was added to 3DOM ZrO2 after the synthesis (see below), the higher 
temperature mass loss was also absent (Figure 2.11, see below). 3DOM ZrO2(700/air) 
had lost most carbon during the original synthesis heating step, accounting for its lower 
carbon content vs. 3DOM ZrO2(450/N2). Some carbon was retained in 3DOM 
ZrO2(450/air) after the synthesis, because this sample had not undergone the ~600–700 
°C mass loss event during calcination. 
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Figure 2.7. TG plots of 3DOM ZrO2 samples prepared by the indicated conditions analyzed under flowing 
air. Mass losses after 300 °C is related to combustion of carbon in the samples.  
 
Figure 2.8. Plot of stop band maxima above baseline reflectance for originally white 3DOM ZrO2 samples 
after addition of carbon through infiltration with various loadings of sucrose and carbonization. The values 
in this plot were calculated from the difference between peak intensity and background intensity at the peak 
wavelength of the stop band. Note that this is different from Tables 2.1 and 2.2, where stop band intensities 
are based on the difference in highest and lowest reflectance values in the UV-vis spectra in the spectral 
range from 400 to 800 nm. 
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These findings regarding both grain size and carbon content of 3DOM ZrO2 lead us to 
an alternate explanation for the different color intensities observed in 3DOM ZrO2 
materials. A difference in zirconia grain sizes is likely not the decisive factor for the 
absence or presence of color. Rather, the extent of coloration relates to the carbon content 
of the material, which depends on the chemical nature of the precursor and template, as 
well as the heating temperature and atmosphere. In contrast to the PMMA opal/carbon 
black composites described by Aguirre et al., no discrete carbon particles were observed 
by electron microscopy (Figures 2.5 and 2.6). The carbon appears to be spread evenly 
through the sample, providing a uniform light absorber throughout the structure of the 
3DOM ZrO2. It should be noted that white 3DOM ZrO2(700/air), which contained almost 
no residual carbon appeared light-violet-colored when a thin layer of the powder was 
spread on a black background. This indicated that its photonic stop band was still intact, 
but the sample lacked an intense coloration due to the influence of randomly scattered 
light throughout the structure. 
2.3.5. Reintroduction of Carbon into White 3DOM ZrO2 
As a further verification that the color intensity of 3DOM ZrO2 is related to carbon 
content rather than grain size, we reintroduced color in the white 3DOM ZrO2(700/air) 
material. This was accomplished by infiltrating already-synthesized 3DOM ZrO2(700/air) 
with sucrose solutions containing different amounts of sucrose. Sucrose is a commonly 
used source for the preparation of nanoporous carbon materials by nanocasting 
processes.174 The infiltrated and dried samples were then reheated to 500 °C under 
nitrogen to carbonize the sucrose. The resulting powders exhibited gradual shifts in 
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optical properties, displaying visual changes in brightness and color intensity as the 
carbon content was altered (Figure 2.9). UV-vis reflectance spectra of the re-carbonized 
3DOM ZrO2 materials showed an evident decrease in both background reflectance and 
stop band intensity with increased carbon content (Figure 2.10 and Table 2.2). However, 
for samples with 10 wt% sucrose or greater, the change in the magnitude of background 
reflectance lessened, indicating a minimum value for background reflectance after which 
any extra absorbing material only served to reduce the stop band intensity through strong 
absorption of light (Figures 2.9 and 2.10). Because carbon is a broad spectral absorber in 
the visible range, the baselines decreased across the whole spectrum with increasing 
carbon loading. The stop band position stayed relatively constant with varying carbon 
content. 
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Figure 2.9. Photos of 3DOM ZrO2 with various loadings of carbon. Wt% values correspond to the 
concentration of the sucrose solution used to deposit carbon into the 3DOM material.  
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Figure 2.10. UV-vis spectra of white 3DOM ZrO2 samples with carbon added though sucrose infiltration. 
Upper: Spectra of all re-colored samples. Lower: Expanded view of the 0–20% reflectance region 
magnified to resolve lower reflectance spectra.  
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Table 2.2.  Values for Mass Loss (TGA), Stop Band Intensities (UV-vis), and Background Reflectance 
(UV-vis) for Re-colored 3DOM ZrO2 (700/air) Using Various Concentrations of Sucrose 
 
0 wt% 0.1 wt% 1 wt% 5 wt% 10 wt% 15 wt% 20 wt% 
wt% loss (TGA) 0.2 0.1 1.1 3.7 6.4 10.2 13.1 
stop band intensity % 27.0 12.4 10.0 7.0 5.2 3.9 3.4 
background % 73.8 43.2 8.3 4.8 3.5 3.4 3.7 
 
TGA measurements of re-colored 3DOM ZrO2(700/air) were performed in air to 
determine the carbon content added during re-carbonization (Figure 2.11 and Table 2.2). 
As expected, the amount of carbon present in the structure varied linearly with the 
concentration of the sucrose solution administered to 3DOM ZrO2(700/air) (Figure 2.12). 
This showed that direct control of the carbon content of 3DOM ZrO2 was achievable for 
specific tuning of the structural color brightness. The sample prepared by infiltration with 
5 wt% sucrose solution was most similar in spectral and visual appearance to 3DOM 
ZrO2(450/air), both of which contained similar amounts of carbon (3.7 and 4.8 wt%, 
respectively). 
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Figure 2.11. TG plots for 3DOM ZrO2 samples that were infiltrated with different concentrations of 
sucrose solution and then heated to 500 ˚C to carbonize the sucrose.  
 
Figure 2.12. Plot of carbon content vs. wt% of sucrose solution used. The plot shows a linear relationship 
between these parameters. 
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2.4. Conclusions 
This study confirmed our hypothesis that the content of light-absorber (here carbon) 
in 3DOM ZrO2 photonic pigments strongly influences the color intensity of these 
materials, more so than any grain size effects under the conditions studied. The 
mechanism for the color enhancement by carbon is similar to that described for 
opal/carbon black mixtures.155, 48 In these 3DOM materials, diffracted wavelengths that 
coincide with the stop band are reflected at the (111) and higher order lattice planes of the 
photonic crystal while other wavelengths pass through the material. Without carbon, 
multiple incoherent scattering events can occur with the transmitted wavelengths, 
resulting in non-photonic reflections from the material, which raise the background 
reflectance across the whole spectrum. In the presence of carbon, however, the 
transmitted wavelengths are absorbed, preventing non-photonic reflections and allowing 
those wavelengths reflected through Bragg diffraction to dominate. The material 
therefore maintains a specific color that is controlled by its structural periodicity. 
However, if the carbon content is too high, even the stop band wavelengths are absorbed, 
so that the material appears black. 
The carbon absorber can be produced within the material directly during the synthesis 
by in situ carbonization of the precursor and/or template. If the synthesis conditions are 
well controlled, no external light absorbing material is necessary to produce strong 
coloration. Further fine-tuning is possible by the post-synthesis addition of carbon 
materials, as illustrated by the conversion of white 3DOM ZrO2 to a material with 
structural color after carbonization of infiltrated sucrose solutions. The 3DOM ZrO2 
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materials could be prepared as white, lightly colored, or darkly colored products by 
adjusting the amount of absorber within the structure. It is believed that these procedures 
are also applicable to 3DOM materials with other compositions. Fine-tuning of the 
carbon content can potentially be realized with other carbon sources added to the 
precursor material to ensure precise values of the absorber content in the final products. 
Although carbon is one of the most convenient additives to produce the observed optical 
effects, non-carbon based light absorbers incorporated into 3DOM materials or intrinsic 
absorption by the material are expected to produce similar effects. Combined with the 
ability to tune the stop band position through the pore size, the capability of controlled 
variation in color intensity makes 3DOM materials promising candidates for novel 
pigments based on structural color. 
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Chapter 3 
Inverse Opal SiO2 Photonic Crystals as Structurally-Colored Pigments with 
Additive Primary Colors 
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3.1. Introduction 
Porous silica is widely employed in commercial applications as a catalyst support, 
chromatographic material, sorbent, and for many other uses.175-178 Although silica is also 
a common component of pigments, e.g., for inkjet printing, it is not normally the source 
of color in such pigments.177 Here it is demonstrated that porous silica materials with a 
3DOM morphology (see Chapter 1) can be effective pigments with structural color that 
can be controlled precisely through synthesis conditions and mixing of additive primary 
colors. 
These materials are of interest as specialty pigments because they do not rely on 
organic dyes or metal complexes to achieve their color. Oxide-based 3DOM materials do 
not undergo photobleaching, commonly observed in conventional dyes, and a single 
material can be templated using various template sphere sizes in order to achieve many 
spectral colors without the need for multiple compounds.  
For colored 3DOM materials, it has been shown that a light–absorbing substance 
within the structure greatly enhances the color intensity through the absorption of 
incoherently scattered light.166 A similar enhancement of color intensities through the use 
of carbon nanoparticles infiltrated into opaline materials has also been observed.155-161 
For 3DOM materials, however, this absorber species can be created in situ during thermal 
processing and does not require additional integration steps (see Chapter 2). Carbon as an 
absorber species is produced by incomplete combustion of decomposition products from 
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the polymer template and/or precursor material, especially if heated in an inert 
atmosphere, or it can be added after the synthesis of the 3DOM materials.166  
As described in this chapter, 3DOM SiO2 was synthesized in various colors for use as 
photonic pigments. SiO2 was chosen because of its non-toxicity, relative abundance, high 
chemical stability, ease of synthesis, and ability to be functionalized with other surface 
groups if needed. Another important consideration is that the amount of carbon absorber 
species produced from the template and precursor decomposition during the synthesis of 
3DOM SiO2 falls within an ideal range that enhances coloration without over-darkening. 
The creation of structurally-colored 3DOM SiO2 pigments with primary colors is also 
described, pigments that exhibit a unique additive color mixing mechanism with red-
green-blue (RGB) primaries instead of the cyan-magenta-yellow (CMY) primaries found 
in conventional pigments. Also addressed are important processing considerations in the 
synthesis of these materials with an emphasis on the effects of heating temperature to 
control unit cell parameters and hence, stop band positions and colors. This technique can 
be used to fine-tune the color of the structural pigments. 
3.2. Experimental 
3.2.1. Materials 
Reagents were obtained from the following sources: tetraethyl orthosilicate and 
methyl methacrylate (99%) from Aldrich; HCl, methanol, and potassium persulfate from 
Fisher; nitrogen was obtained from an in-house system; water was distilled and deionized 
to 18.3 MΩ·cm. 
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3.2.2. Synthesis of PMMA Colloidal Crystal Templates 
PMMA nanospheres were synthesized using an established literature method.64 All 
PMMA spheres used in this study possessed less than 4% dispersity in sphere size. In 
order to achieve specific sizes of polymer spheres, the concentrations of methyl 
methacrylate, water, and initiator, as well as the synthesis temperature were all altered to 
varying degrees until the desired sphere size was obtained, similar to a previous report.179 
Typical conditions can be found in Table 3.1. 
Table 3.1. Synthesis conditions for achieving various PMMA polymer sphere sizes. Other sphere sizes can 
be obtained by altering methyl methacrylate (MMA), water, and/or potassium persulfate initiator 
concentrations.  
Size MMA Water Initiator Temp. 
350 nm 0.3 L 1.6 L 1.5 g 70 °C 
409 nm 0.3 L 1.6 L 1.75 g 70 °C 
475 nm 0.3 L 1.3 L 1.0 g 70 °C 
 
Colloidal crystal templates were formed from the PMMA sphere suspension using 
either centrifugation or sedimentation techniques. For centrifugation, the sphere 
suspension was placed into two balanced glass centrifugation cups with 1 inch diameter 
and spun at 1000 RPM until a majority of spheres were settled out of the suspension, and 
an opalescent colloidal crystal could be observed (typically 72 h). The water was then 
decanted by pipette until the water level within the centrifugation cup was ~1 cm above 
the settled spheres. The remaining water was left open to the air and allowed to dry. 
Drying was complete when the templates had fully cracked apart and the remaining dried 
colloidal crystal was easily broken apart. 
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For the sedimentation method, the PMMA sphere suspension was poured into a 
covered glass crystallization dish and allowed to sediment for several weeks until an 
opalescent colloidal crystal was observed. The cover was then removed and the water 
was allowed to evaporate until dry. 
3.2.3. Synthesis of SiO2 Precursor Composite 
A precursor for silica was prepared by adding 6 g tetraethyl orthosilicate (TEOS), 4 g 
methanol, and 3 g deionized water to a 20 mL scintillation vial and stirring for 5 seconds. 
A mass of 1 g of concentrated hydrochloric acid was then added, and the mixture was 
stirred for 5 min.  
A mass of 15 g of colloidal crystal template was broken into pieces with edge-lengths 
of ~0.5 cm. These pieces were then placed on a sheet of filter paper in a Buchner funnel 
that was fitted onto a suction filtration flask. The precursor solution was added dropwise 
to the colloidal crystal templates, ensuring that all colloidal crystal template pieces were 
wetted. Once all of the precursor solution was added, suction was applied to the funnel, 
and excess liquid precursor was slowly removed. The infiltrated template pieces were 
then allowed to gel and dry for 24 h. 
After drying, the template/precursor composite pieces were placed in a 10 cm × 1.9 
cm alumina combustion boat. The boat was inserted into a 60 cm long quartz heating tube 
with an internal diameter of 2.54 cm and placed in a Lindberg/Blue M 800W tube 
furnace. Rubber stoppers fitted with glass pipettes were placed on each end of the tube 
and N2 was flowed through the tube at 0.6 L/min. The material was heated at 5 °C/min to 
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a desired maximum temperature between 475 °C and 900 °C and maintained at that 
temperature for 2 h. The primary color samples (blue, 480 nm stop band; green, 554 nm 
stop band; red, 620 nm stop band) were all prepared by pyrolysis at 700 °C for 2 h. After 
pyrolysis, the materials emerged as powders with particle sizes between 10 to 200 μm 
and periodically ordered domains of ca. 10–50 μm within particles. Before UV-vis 
characterization, all samples were lightly ground using a mortar and pestle to homogenize 
the particle size and avoid preferred orientation of crystalline domains.  
3.2.4. Grinding of 3DOM SiO2 Pigments  
3DOM SiO2 powders were placed on a 38-μm stainless steel mesh sieve. The 3DOM 
powder and mesh were wetted with ethanol. The 3DOM powder was then gently rubbed 
into the mesh using a gloved finger with frequent washings of the mesh with ethanol into 
a collection pan. The ethanol/3DOM suspension was poured into a 0.75 L polyethylene 
bottle and allowed to sediment for 24 h. After this time, the ethanol was carefully 
removed by pipette until ~10 mL of ethanol and the sedimented 3DOM powder were left. 
This mixture was then washed out of the bottle with ~10 mL ethanol into a 20 mL 
scintillation vial. The suspension was again allowed to sediment for 24 h, after which 
time the ethanol was removed by pipette. The remaining wet powder was then placed in 
an oven at 100 °C until dry.  
3.2.5. Characterization 
Diffuse reflectance UV-vis spectra were obtained using a Hewlett Packard 8452A 
diode array spectrophotometer with a Labsphere RSA-HP-84 reflectance spectroscopy 
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attachment. Absorbance values were converted to %-reflectance using the relationship 
reflectance = 10(2 – absorbance). All spectra were smoothed using an exponential smoothing 
algorithm. Background reflectance values were obtained by analyzing the lowest 
continual value to the right of the stop band peak. Scanning electron microscopy (SEM) 
images were obtained using a JEOL 6700 scanning electron microscope operating at 5 
keV. Samples were prepared for the SEM by lightly dusting them onto adhesive carbon 
and affixing them to aluminum mounts. All samples were then coated with 50 Å of 
platinum. Transmission electron microscopy (TEM) images were obtained using an FEI 
Technai T121 microscope (LaB6 filament) operated at 120 kV. Samples for TEM were 
prepared by sonication of 3DOM powders in ethanol for 10 min and dispersing the 
resulting material on a carbon-coated Cu grid. Thermogravimetric analysis coupled with 
differential scanning calorimetry was carried out using a Netzsch STA 409 PC 
simultaneous thermal analyzer. 
3.3. Results and Discussion 
3.3.1. 3DOM SiO2 Structure and Composition 
3DOM SiO2 powders were synthesized under various processing conditions in order 
to produce materials spanning multiple spectral colors and intensities and to identify the 
best synthetic approaches to control the coloration. All products had well-ordered, 
periodic macroporous structures that extended over domains of ca. 10–50 µm (Figure 
3.1). Structural defects were also present but at an acceptable level for pigment 
applications. TEM images showed relatively smooth amorphous silica walls that 
replicated the curvature of the templating spheres. Due to shrinkage of the walls during 
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pyrolysis, the spherical void sizes were ca. 18–24% smaller than the dimensions of the 
templating spheres (see also Table 3.2). 
 
 
Figure 3.5. (A,B) SEM images of representative 3DOM SiO2 powders. Long-range structural order and 
clearly defined periodic macropores are observed. (C,D) TEM images of 3DOM SiO2, showing the texture 
of the amorphous silica walls, without any aggregated carbon particles. 
 
The synthesis of opalescent 3DOM SiO2 materials was previously reported.
64 
However, these materials were only weakly colored, because they lacked carbon as a 
broad-spectrum absorber. Building on recent advances that demonstrated the benefit of 
including carbon within the 3DOM oxide structure,166 we employed pyrolysis under an 
inert gas atmosphere to maintain small levels of carbon that originated from 
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decomposition products of the alkoxide precursor and the polymeric template. On the 
basis of thermogravimetric analyses, all 3DOM SiO2 samples contained 5–8 wt% carbon 
(Figure 3.2). Although the TEM images did not show any carbon agglomerates, the 
incorporated carbon absorbs randomly scattered light, so that the corresponding stop band 
is emphasized in the appearance of the product. 
 
Figure 3.2. Typical TGA plot of a 3DOM SiO2 sample heated to 1000 °C under flowing air. The mass loss 
before 300 °C corresponds mostly to adsorbed water. The mass loss after 300 °C is attributed to the 
combustion of carbonaceous species contained within the 3DOM structure and corresponds to ca. 8%. 
 
3.3.2. Structural Color of 3DOM SiO2 
For 3DOM SiO2 to exhibit structural coloration, the photonic stop band of the 
material must lie within the visible spectrum. To a first approximation that works well for 
these structural pigments, the spectral location of the stop band is governed by a 
combination of Bragg’s law and Snell’s laws (Equations 1.2-1.4). 
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Analyzing Equation 1.4, it becomes apparent that the d-spacing and average index of 
refraction are the properties that control the position of the stop bands in 3DOM 
materials. Since 3DOM materials are comprised of an fcc array of pores, stop bands are 
expected when the indices of the lattice planes are all odd or all even. Therefore, photonic 
reflections occur for d111, d200, d220, d311, etc. with the most prominent reflection 
originating from the (111) plane due to multiplicity rules. Even though the (111) 
reflection peak is the most intense and most visible, other reflection peaks can be 
observed in the UV-vis spectra of select 3DOM materials. The (200) peak is often present 
as a shoulder on the shorter wavelength side of the (111) peak, and the (220) peak is 
observed in the visible spectrum in samples with (111) stop bands larger than ca. 650 nm 
(see, for example, the spectrum of the red sample in Figure 3.8). All of these reflections 
within the visible spectrum contribute to the color of the 3DOM powders, but the 
perceived color is dominated by the (111) peak. For this reason, the discussion of the 
photonic stop band position within this publication will refer to the major (111) 
reflection, and the reported location of this reflection will correspond to the position of 
maximum reflectance. 
3.3.3. Tuning Color via Thermal Processing 
To select a specific color for a 3DOM material with a given index of refraction, it is 
necessary to effect changes in the d-spacing of that material. The most obvious method to 
control pore sizes, and, consequently, dhkl values, in 3DOM SiO2 is by using template 
spheres with different sizes. It was possible to synthesize PMMA spheres of various sizes 
by altering the polymer sphere synthesis parameters to tune the colloidal sphere sizes and 
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synthesize materials with photonic stop bands in the full range of the visible spectrum. 
Table 3.2 shows a selection of samples synthesized using various template sphere sizes 
and their respective UV-vis characteristics after heating under N2 to a temperature 
between 475 °Cand 900 °C. For a given synthesis temperature, the initial template sphere 
size was the main factor determining the final stop band position. Figure 3.3 displays the 
relationship between the template sphere size and the final stop band position for samples 
heated to three different temperatures (550 °C, 600 °C, and 700 °C). The relationship 
between these values was approximately linear according to the equations found in the 
caption of Figure 3.3. These equations became important for choosing sphere sizes that 
produce materials with specific stop band positions and colors for a given synthesis 
temperature.  
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Table 3.2. Values of λmax,a maximum reflectance (R% at λmax, determined by UV-vis spectroscopy),a 
baseline reflectance (Base R%, determined by UV-vis), stop band height above baseline (R% at λmax  – 
Base R%, determined by UV-vis), template sphere size, maximum pyrolysis temperature, and the half-
width at half-maximum intensity of the (111) diffraction peak (HWHM, determined by UV-vis) for select 
3DOM SiO2 samples. Half-widths were measured using the right side of the (111) peak in order to avoid 
influence from the (200) shoulder. All samples included in this table were heated under N2 to preserve 
carbonaceous species within the 3DOM structure. 
 
Sample 
# 
λmax 
(nm) 
R% at 
λmax 
Base R% Peak 
height 
Sphere size 
(nm) 
Pyrolysis 
temp. (°C) 
HWHM 
(nm)         
182c 564 38.9 22.5 16.4 384 475.0 36 
181c 564 34.1 18.7 15.4 384 500.0 37 
103 442 10.2 2.3 7.9 300 550.0 33 
106 494 9.8 3.3 6.5 345 550.0 38 
108 494 14.0 5.4 8.6 345 550.0 33 
110 492 10.6 3.9 6.7 345 550.0 40 
113 486 11.1 3.9 7.2 332 550.0 38 
115 488 9.4 2.8 6.6 332 550.0 40 
116 490 11.2 3.0 8.2 332 550.0 39 
133 672 25.7 13.5 12.2 425 550.0 47 
136 472 6.7 2.4 4.3 332 550.0 34 
145 474 10.3 3.5 6.8 332 550.0 34 
153 462 6.1 0.9 5.2 332 550.0 32 
160 472 12.0 3.2 8.8 332 550.0 32 
161 470 12.1 3.3 8.8 332 550.0 33 
165 480 9.3 4.5 4.8 332 550.0 36 
166 482 11.7 3.9 7.8 332 550.0 35 
167 482 15.3 4.8 10.5 332 550.0 36 
168 478 12.6 3.5 9.1 332 550.0 36 
170 554 12.0 4.5 7.5 384 550.0 37 
172 574 11.2 3.8 7.4 384 550.0 47 
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Sample 
# 
λmax 
(nm) 
R% at 
λmax 
Base R% Peak 
height 
Sphere size 
(nm) 
Pyrolysis 
temp. (°C) 
HWHM 
(nm)         
180c 558 25.6 10.8 14.8 384 550.0 38 
201 568 26.0 11.0 15.0 384 550.0 41 
232 644 9.9 2.1 7.8 425 550.0 42 
233 636 9.4 1.9 7.5 425 550.0 44 
137 466 5.8 1.6 4.2 332 600.0 35 
150 464 4.9 1.4 3.5 332 600.0 32 
179 550 18.4 6.1 12.3 384 600.0 38 
189 446 9.0 1.8 7.2 319 600.0 32 
190 442 14.1 4.1 10.0 319 600.0 33 
178c 545 16.2 4.7 11.5 384 650.0 36 
130 470 7.3 1.2 6.1 345 700.0 38 
134 454 4.5 1.0 3.5 332 700.0 38 
173 552 7.0 1.6 5.4 384 700.0 44 
177c 536 15.1 4.2 10.9 384 700.0 38 
193 424 10.0 1.5 8.5 319 700.0 36 
195 404 7.2 2.0 5.2 298 700.0 34 
198 404 7.1 1.2 5.9 298 700.0 34 
199 412 12.3 1.9 10.4 298 700.0 34 
200 414 11.0 2.3 8.7 298 700.0 33 
203 582 14.8 3.3 11.5 440 700.0 43 
205 586 15.3 3.0 12.3 440 700.0 41 
207 590 15.6 3.1 12.5 440 700.0 44 
209 582 15.8 3.7 12.1 440 700.0 43 
223 648 17.7 6.3 11.4 475 700.0 38 
224 554 12.4 2.7 9.7 409 700.0 34 
225b,d 558 13.4 2.5 10.9 409 700.0 40 
226 560 14.7 2.9 11.8 409 700.0 44 
227 556 18.1 7.9 10.2 409 700.0 42 
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Sample 
# 
λmax 
(nm) 
R% at 
λmax 
Base R% Peak 
height 
Sphere Size 
(nm) 
Pyrolysis 
temp. (°C) 
HWHM 
(nm)  
228 
560 19.2 8.0 11.2 409 700.0 42 
229 478 9.2 1.6 7.6 350 700.0 36 
230b 486 9.1 1.6 7.5 350 700.0 32 
233b 622 9.1 1.9 7.2 475 700.0 46 
235 546 17.3 7.7 9.6 409 700.0 40 
236 548 13.6 4.2 9.4 409 700.0 43 
237 552 16.0 7.0 9.0 409 700.0 38 
238 548 22.2 8.9 13.3 409 700.0 42 
239 552 9.0 5.2 3.8 409 700.0 50 
240 556 15.4 7.6 7.8 409 700.0 40 
241 550 13.7 6.4 7.3 409 700.0 42 
242 550 20.8 8.1 12.7 409 700.0 42 
243 550 18.3 6.3 12.0 409 700.0 42 
244 550 16.6 7.7 8.9 409 700.0 42 
245 482 18.1 7.7 10.4 350 700.0 38 
246 486 12.3 5.9 6.4 350 700.0 42 
247 484 15.3 7.1 8.2 350 700.0 42 
248 486 16.9 7.5 9.4 350 700.0 34 
249 484 10.2 5.0 5.2 350 700.0 48 
250 482 11.3 5.7 5.7 350 700.0 45 
251 484 15.0 5.4 9.6 350 700.0 39 
252 480 18.4 9.9 8.5 350 700.0 40 
253 484 17.2 7.9 9.3 350 700.0 38 
254 640 17.9 6.9 11.0 475 700.0 43 
255 642 19.1 7.9 11.2 475 700.0 52 
256 652 17.3 6.8 10.5 475 700.0 52 
257 642 14.6 4.1 10.5 475 700.0 52 
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Sample 
# 
λmax 
(nm) 
R% at 
λmax 
Base R% Peak 
height 
Sphere size 
(nm) 
Pyrolysis 
temp. (°C) 
HWHM 
(nm) 258 
258 
656 18.1 8.9 9.2 475 700.0 50 
259 634 17.3 7.4 9.9 475 700.0 52 
260 662 29.7 14.0 15.7 475 700.0 50 
261 636 17.7 8.4 9.3 475 700.0 50 
262 654 18.0 8.2 9.8 475 700.0 44 
263 668 19.4 8.9 10.5 475 700.0 46 
264 666 18.6 7.3 11.3 475 700.0 52 
265 662 17.6 8.4 9.2 475 700.0 46 
266 660 17.4 7.6 9.8 475 700.0 46 
267 638 13.5 3.5 10.0 475 700.0 52 
268 660 17.0 6.2 10.8 475 700.0 50 
269 608 14.1 6.1 8.0 475 700.0 50 
270 632 16.4 7.5 8.9 475 700.0 53 
220d 554 6.0 1.1 4.9 425 900.0 42 
 
 a Values of λmax and R% at λmax within this table are taken from the raw data. These values may differ 
slightly from those in the main paper, for which an exponential smoothing function was applied as noted in 
the Experimental Section.  
b Samples used for 3DOM SiO2 primary colors. 
c Samples used for Figure 3.8. 
d Samples used for Figure 3.12. 
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Figure 3.3. Photonic stop band positions of 3DOM SiO2 after pyrolysis at 550 °C, 600 °C, and 700 °C 
using various template sphere sizes. Approximately linear relationships are observed between the diameter 
of the templating spheres and the final stop band position (550 °C, y = 1.659x - 71.644, R² = 0.983; 600°C, 
y = 1.6315x - 76.537, R² = 0.9987; 700°C, y = 1.3201x + 16.865, R² = 0.9784). Higher temperatures cause 
a blue-shift in the stop band position for a given sphere size. The magnitude of the change in stop band 
position increases at larger wavelengths. 
 
The trends at the various temperatures illustrate the drastic changes in stop band 
position for various heating temperatures. For a given template sphere size, increases in 
temperature resulted in a smaller d-spacing between diffraction layers due to increased 
densification of the SiO2 structure.
180-181 The densification of silica occurs through further 
condensation of silanol groups, which results in shrinkage of the silica walls. At higher 
temperatures, this densification was encouraged. For smaller template sizes, the 
densification at 700 °C was less pronounced due to the presence of thinner 3DOM walls 
that undergo a smaller dimensional change compared to the same degree of structural 
shrinkage from samples prepared with larger template sizes. 
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The variation in stop band position observed for materials synthesized under similar 
conditions was likely due to a variety of factors, including the amount of pyrolyzed 
material, non-uniform heating temperatures within the quartz tube during the pyrolysis 
step, fluctuations in house-nitrogen gas flow, and variations in the degree of infiltration 
of the liquid precursor during the infiltration step. Variances during any of these steps 
potentially changed the degree to which silica densified as it was heated. Densification 
also increases the average refractive index of the silica skeleton, which affects the stop 
band position. This densification mechanism could thus be harnessed as a tool for shifting 
stop band positions through the synthesis temperature without changing the template 
sphere size. 
The ability to control silica shrinkage and band positions by the pyrolysis temperature 
was further demonstrated by analyzing several samples synthesized from a single 
infiltrated batch of 441 nm spheres but pyrolyzed at various temperatures between 550 
and 865 °C at 35 °C intervals. Although there is some scatter in the data, an 
approximately linear stop-band shift of ca. 9 nm/100 ˚C was achieved in this temperature 
range (Figure 3.4).  
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Figure 3.4. Graph showing the shift to shorter wavelength with increasing pyrolysis temperature for a 
series of ten samples of 3DOM SiO2 synthesized using a 441 nm diameter colloidal crystal template and 
heated at intervals of 35 °C starting at 550 °C. A nearly linear change is observed in the stop band position 
with exposure to higher temperatures (y = -0.0865x + 653.07, R² = 0.8847). 
 
In addition to stop band position shifts, stop band intensities and background 
reflectance values were affected by changes in the pyrolysis temperature, influencing the 
perceived color intensity or chroma. It was also observed that, for a fixed sphere size 
(384 nm in this case), the increased heating of 3DOM SiO2 resulted in a decreased stop 
band intensity as well as a lowering of background reflectance (Figure 3.5). The decrease 
in stop band reflectance and the decrease in background reflectance are most likely 
related to the same mechanism. It has been shown that the extent of conversion of sp3 
carbon to sp2 carbon increases with higher processing temperature182 and that this change 
increases both the refractive index of carbon and its absorption coefficient.183-184 Similar 
effects are expected for these 3DOM SiO2 systems as carbonaceous components were 
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produced during pyrolysis. As a result, the samples pyrolyzed at higher temperature were 
less reflective across the full spectrum and appeared darker. 
 
Figure 3.5. (Top) Images of 3DOM SiO2 synthesized using 384 nm diameter templating spheres at various 
temperatures. The wavelengths of the corresponding (111) stop band peaks are also listed. (Bottom-left) 
UV-vis spectra of 3DOM SiO2 synthesized at various temperatures. As the synthesis temperature is 
increased, background reflectance, stop band reflectance, as well as stop band position decrease in value. 
(Bottom-right) UV-vis spectra from the bottom-left graph with the background reflectance subtracted. This 
emphasizes the change in reflectance of the stop band peak with increasing temperature. 
 
An additional example illustrating how both templating sphere size and pyrolysis 
temperature can be used to fine-tune the color of the structural pigments is shown in 
Figure 3.6. Spectra with the same stop band position were obtained from two different 
sphere sizes by using a high pyrolysis temperature for the larger template spheres. At the 
higher temperature, the greater amount of shrinkage compensates for the larger sphere 
diameters. Consistent with the results above, the sample prepared at the higher 
temperature is less reflective but appears darker and thus more intensely colored to the 
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eye (see Figure 3.7), likely due to the decrease in reflectance intensity from wavelengths 
surrounding the central stop band position. 
 
Figure 3.6. UV-vis spectra of 3DOM SiO2 synthesized using different sphere diameters (409 nm, 425 nm) 
and heating temperatures (700 °C, 900 °C) in order to create identical stop band positions. 
 
 
 
Figure 3.7. Images of 3DOM SiO2 synthesized using PMMA colloidal crystals with different sphere 
diameters (left: 409 nm, right: 425 nm) and heating temperatures (left: 700 °C, right: 900 °C) in order to 
achieve identical stop band positions. 
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3.3.4. Synthesis of 3DOM SiO2 Pigments with Primary Colors 
In principle, any spectral color can be obtained by choosing an appropriate template 
sphere size and fine-tuning the stop band position via the synthesis conditions. However, 
a color like yellow is difficult to isolate due to the small portion of the spectrum that is 
observed as yellow (570–580 nm). The typical width of stop bands in 3DOM materials 
far exceeds this range, so that surrounding wavelengths (green and orange), contribute to 
the coloration. Also, on an industrial level, it would be preferred to produce multiple 
colors using only a small set of synthesis parameters and template sphere sizes. One 
possible solution we considered to address both of these issues was to prepare 3DOM 
SiO2 pigments in three primary colors and mix these to obtain other colors.  
During the investigation of mixing 3DOM powders, it became apparent that these 
pigments do not follow the standard color mixing mechanism of conventional pigment 
materials. Almost all commercially available pigments and dyes rely on a subtractive 
color mechanism in which specific portions of the visible spectrum are absorbed while 
the remaining portion of the spectrum is reflected. 3DOM materials, however, follow an 
additive color mechanism in which most wavelengths are absorbed or transmitted except 
for the wavelengths that fall within the stop band of the material. This narrow band of 
reflected wavelengths is visually perceived similar to emitted light, analogous to colors 
produced by multiple light-emitting diodes and pixels on a television screen. Because 
3DOM materials follow this additive color mechanism, the three primary colors are red, 
green, and blue (RGB) rather than cyan, magenta, and yellow (CMY), the typical primary 
colors found in pigment systems and the basis for all print media. 
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Monochromatic RGB primaries are defined by the Commission Internationale de 
l'Eclairage (CIE) color space to correspond to wavelengths of 435.8, 546.1, and 700.0 nm 
for blue, green, and red.185 However, other shades of these colors with alternate 
wavelengths can be used to create numerous spectral colors within the RGB color space. 
For the purpose of this study, primary colors were selected on the basis of perceived color 
intensity. Even though visual appearance is subjective to the observer, it was effective in 
identifying the target materials. To create the RGB primary colors, template arrays of 350 
nm, 409 nm, and 475 nm PMMA spheres were chosen from a large array of synthesis 
conditions (Table 3.2) that yielded intense blue, green, and red coloration, respectively. 
The stop bands for the resulting powders peaked at 480 nm (blue), 554 nm (green), and 
626 nm (red), respectively. Photographs of these powders and the corresponding UV-vis 
reflectance spectra are shown in Figure 3.8. Using measurements of d-spacings from 
SEM images (Figure 3.9), assuming a fixed refractive index value for silica (1.455), and 
using Equation 3.3, it was possible to relate the stop band positions to the templating 
sphere size and evaluate the fill fraction of solid material and pore shrinkage (Table 3.3). 
 
 
Table 3.3. Table of structural and optical parameters for blue, green, and red 3DOM SiO2. Values shown 
are the template sphere diameter (Dsphere), the pore diameter measured using SEM images (Dpore), pore 
shrinkage (ΔD), the spacing of diffraction layers calculated using Dpore (dhkl), fill fraction of 3DOM walls 
(φ), and stop band position (λ). 
Color Dsphere (nm) Dpore (nm) ΔD (%) dhkl (nm) φ (%) λ (nm) 
Blue 350 288 17.7 235 4.5 480 
Green 409 336 17.8 274 2.1 554 
Red 475 360 24.2 294 12.0 626 
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Figure 3.8. Photographs and UV-vis spectra of 3DOM SiO2 primary-color pigments before (top, solid 
lines) and after (bottom, dashed lines) grinding through a 38-μm sieve. 
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Figure 3.9. SEM images of (A) blue, (B) green, and (C) red 3DOM SiO2 samples. 
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Before mixing 3DOM SiO2 primary pigments, the powders were finely ground and 
sieved to achieve a more uniform appearance, both as single colors and as mixed colors 
in later steps. SEM images of 3DOM SiO2 particles passed through a sieve with a mesh 
size of 38 µm show a wide range of particle sizes with an average size of 13.4±6.5 µm, 
i.e., much smaller than the mesh size (Figures 3.10 and 3.11). This size reduction was 
likely due to mechanical breakage of powder particles as they were forced through the 
sieve. Nonetheless, the resulting powders retained their intense coloration. Small changes 
in their UV-vis spectra (Figure 3.8) were likely due to the washing of carbonaceous 
absorber species from the surface of the 3DOM SiO2 and due to less influence from large 
particles that can cause preferred orientation effects in the UV-vis spectra of unground 
samples. 
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Figure 3.10. SEM images of 3DOM SiO2 passed through a 38-μm sieve. The average particle size is 
13.4±6.5 µm. 
 
 
Figure 3.11. Histogram of the maximum measured particles dimensions from the SEM images in Figure 
10. 
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The 3DOM SiO2 primary colors were then mixed in identical mass amounts in order 
to study their color-mixing properties. Photographs of the mixed powders, the primary 
colors, and a color reference for RGB primaries can be found in Figure 3.12. Each 
combination of primary colors exhibited the expected mixed coloration with the blue/red, 
blue/green, and green/red combinations resulting in shades of magenta, cyan, and yellow. 
When all three primaries were mixed, a light grey coloration was achieved, which is an 
expected result when mixing primaries with low brightness. The grey tone was attributed 
to absorption by carbon residues in the pigments. The success of the two-color mixing is 
an important step in the implementation of 3DOM SiO2 materials as specialty pigments. 
 
 
Figure 3.12. Image of mixed 3DOM SiO2 primaries with a mixed RGB primary reference image. Color 
squares located below each sample are taken from the RGB primary reference and placed near each 
corresponding mixed sample. 
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3.4. Conclusions 
We have demonstrated that control over the synthesis conditions of 3DOM SiO2 
materials provides a powerful approach to prepare pigments with structural color. 3DOM 
SiO2 pigments could be prepared in numerous colors and color intensities through 
variations in template sphere size, as well as processing temperatures. The 3DOM SiO2 
materials exhibited structural densification at high temperatures following an 
approximately linear response within the temperature range studied, providing a potential 
tool for predictive color tuning. These 3DOM SiO2 pigments retained their color 
properties even after grinding to particle sizes of ~10 μm. The final perceived color 
intensity (chroma) of the 3DOM materials was not solely a factor of stop band height, but 
rather a combination of several factors, including background absorption by residual 
carbon and structural densification. 
An important observation from this study was the unique color mixing mechanism 
displayed by 3DOM SiO2 pigments, which followed additive mixing rules, rather than the 
more conventional subtractive mixing for pigment particles. Based on this observation, 
blue, green, and red 3DOM SiO2 pigment primaries were synthesized and ground to <38 
μm to produce uniformly colored powders. By mixing these primary colors, it was 
possible to achieve new colors that corresponded to those predicted by an additive color 
mechanism. 
The approach of controlling morphology and composition of silica described in this 
work provides opportunities to produce particles with tunable color properties that resist 
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photobleaching and are non-toxic and environmentally safe. With suitable scale-up, these 
materials can become interesting for specialty pigmentation and other color applications. 
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Chapter 4 
The Synthesis and Characterization of 3DOM TiO2/SiO2 Composites as Photonic 
Materials with Stop Bands in the UV 
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4.1. Introduction 
3DOM materials that possess color based on their structure have found applications 
as optical sensors96, 144-145 and optical switches.142-143 However, to date, photonic crystal 
materials have not been investigated for use in UV-blocking applications. Current UV-
blocking technologies for cosmetic or material applications rely on either organic 
molecules that absorb UVA (320– 400 nm) or UVB (290–320 nm) radiation in a narrow 
band of the spectrum, or physical UV blockers such TiO2 or ZnO, which have much 
broader coverage of both UVA and UVB radiation.186-190 The organic blockers are 
typically molecules with conjugated carbonyl groups that absorb UV radiation and re-
emit at lower-energy wavelengths. However, these molecules undergo photodegradation 
over time, even with the addition of certain molecular stabilizers. Another blocking 
mechanism is operative in the case of physical blockers such as TiO2 and ZnO, both of 
which are semiconductors that absorb UV radiation based on their electronic band gaps. 
These physical blockers are not photobleached or discolored under UV radiation and can 
be made relatively transparent to visible light through modulation of particle size, shape, 
and distribution.191-192 
Of all commercial UV blockers, TiO2 provides the most uniform coverage throughout 
the UV range. However, its coverage between 350 nm and 400 nm (long-wave UVA) is 
considered insufficient and is often supplemented with organic absorbers or ZnO, which 
has adequate long-wave UVA coverage but low UVB coverage.193 In this chapter, the use 
of 3DOM photonic materials, namely several TiO2/SiO2 compositions, is investigated in 
order to improve the coverage in the long-wave UVA range. Building on the absorbtion 
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properties of a physical UV blocker such as TiO2 and extending its blocking effects using 
photonic stop bands has the potential to increase the already-significant UV coverage of 
TiO2. Optical and structural properties of several compositions were investigated, and 
important considerations for the viability of these materials for UV blocking are 
discussed herein.  
In addition, strategies to control or prevent solvent infiltration, which results in stop 
band shifts, in 3DOM materials were investigated. For certain applications that involve 
the use of 3DOM materials within liquid matrices, the prevention of liquid infiltration 
into the 3DOM structure may be important in order to maintain the desired stop band 
position and intensity. To prevent a solvent-induced stop band shift in 3DOM materials, 
several approaches are presented herein that incorporate template spheres or space fillers 
in the final structure. One strategy involved the use of SiO2 sphere templates infiltrated 
with a high refractive index material (ZrO2), conceptually resulting in a structure that 
would still contain regions of periodically-ordered refractive index contrast but could also 
be heated to high temperatures for processing. 
 A separate strategy to reduce solvent infiltration is also discussed that avoids thermal 
processing at high temperatures. A liquid precursor for silica, containing tetraethyl 
orthosilicate (TEOS), was infiltrated into a polymer sphere template to form a cross-
linked gel at temperatures below the glass transition temperature of the polymer. The 
liquid precursor was then allowed to slowly dry and harden with the template spheres still 
present. This material was then impervious to solvent-induced stop band shifts. 
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Other parallel efforts are also presented herein which seek to employ such color shifts 
purposefully. In particular, UV 3DOM materials that are normally colorless when dry 
were investigated as solvent-shifted pigment materials using a dye as a contrast agent. 
These materials are of interest because of their UV blocking properties with added color 
effects. The dye was chosen on the basis of its low absorbance at the solvent-shifted stop 
band position. The increased reflectance at the position of the shifted stop band, along 
with the low absorbance in that region from the dye, produced a material that maintained 
intense coloration after the solvent-induced stop band shift. 
4.2. Experimental 
4.2.1. Materials 
Reagents were obtained from the following sources: ammonia, tetraethyl 
orthosilicate, methyl methacrylate (99%), and zirconium acetate (in acetic acid) from 
Aldrich; HCl, isopropanol, potassium persulfate, and titanium tetraisopropoxide (TTIP) 
from Fisher; McCormick® Food dye (a mixture of FD&C Yellow 5 and FD&C Blue 1) 
obtained from a commercial source; air was obtained from an in-house system; water was 
distilled and deionized to achieve a resistivity of 18.3 MΩ·cm. 
4.2.2. Poly(methyl methacrylate) PMMA Sphere Synthesis 
A 4-neck, 3-liter flask was fitted with a Teflon-blade stirrer, a condenser, an NMR 
tube containing a thermocouple, and a glass pipette nitrogen bubbler. All attachments 
were affixed to the flask with rubber stoppers where necessary. The flask was placed in a 
heating mantle, and the thermocouple was connected to a temperature controller. 
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For the 270–280 nm spheres used in this study, 200 mL of methyl methacrylate 
(99%) (MMA) and 1900 mL of water was added to the flask, and the mixture was 
mechanically stirred at 350 RPM. While stirring, nitrogen was slowly bubbled into the 
solution and the flask was heated to 80 °C. After a stable temperature was reached, 2,2’-
azobis(2-methylpropionamidine) dihydrochloride (97%) initiator was dissolved in 18 mL 
of water and added to the MMA/water mixture. The nitrogen bubbler was then removed 
and replaced with a glass stopper, and the polymerization mixture was left to react for ~3 
h. The sphere suspension was then cooled and filtered through glass wool to remove any 
large polymer agglomerates that may have formed. The sphere synthesis typically yielded 
~2.1 L of a 16 wt% suspension of PMMA spheres. For the synthesis of ~470 nm spheres, 
1.6 L MMA, 0.4 L water and 1 g potassium persulfate was used and was heated to 70 °C 
with a stir rate of 350 RPM. 
4.2.3. Colloidal Crystal Formation 
The suspension was centrifuged at 1300 RPM for 3 days for the 270 nm spheres and 
at 1000 RPM for the 470 nm spheres. After centrifugation, water above the settled 
spheres was carefully removed by pipette without disturbing the ordered spheres. The 
remaining solid portion was left to dry for ~3 days. After drying, the template was easily 
broken apart by hand. Portions of the template that were difficult to break indicated 
incomplete drying and were left to dry further.  
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4.2.4. Synthesis of TiO2/SiO2 Liquid Precursor 
A liquid precursor was synthesized containing various ratios of TiO2 to SiO2. A 
typical recipe for a liquid precursor containing 25 mol% TiO2 and 75% SiO2 (25:75) 
consisted of 2.41 g of TEOS (11.6 mmol) added to 2 g of isopropanol and 1 g of HCl. 
The mixture was then stirred using a magnetic stir bar for 1 min. After 1 min, 1.09 g of 
titanium tetraisopropoxide (TTIP) (3.8 mmol) was added dropwise with continued 
stirring. The solution became dark yellow in color and was stirred for ~5 min, resulting in 
a light yellow coloration. Other compositions ranging from 100 mol% SiO2 to 100 mol% 
TiO2 were synthesized according to the same procedure with variations only in the 
amounts of TEOS and TTIP used. 
4.2.5. Synthesis of 3DOM TiO2/SiO2  
The dried template was separated into 18 mL glass scintillation vials with ~1–2 g of 
template in each vial. The broken PMMA template pieces were placed at the bottom of a 
scintillation vial, and the precursor was pipetted onto the bottom of the vial using a 3:4 
mass ratio of precursor:template. The materials were left to infiltrate for 24 h. After 
infiltration, any liquid remaining outside of the template was removed by pipette, the vial 
was opened to the air, and the template was allowed to dry for 24 h.  
The dried precursor/template composite was then placed in a 20-mL alumina boat and 
heated inside a quartz tube within a Lindberg/Blue M 800W tube furnace. The synthesis 
was performed under 0.6 L/min of flowing air in order to remove carbon from the 
samples to increase transmittance in the visible range. The materials were heated at 5 
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°C/min to 550 °C and allowed to dwell at that temperature for 2 h before cooling to 
ambient temperature. Changes to sample amounts and bed thickness produced no 
variations in sample quality. 
4.2.6. Incorporation of Dye into 3DOM Materials 
A green commercial food dye consisting of FD&C Yellow 5 and FD&C Blue 1 was 
diluted with water to ~1% by volume. 3DOM materials with stop bands in the UV were 
then wetted with the diluted dye and dried. This process was repeated until a strong green 
coloration was observed upon wetting. The dyed 3DOM material was ground using a 
mortar and pestle. 
4.2.7. Synthesis of SiO2 Sphere Template 
SiO2 spheres were synthesized using a modified Stöber method.
194 Masses of 57.7 g 
ethanol, 18.5 g ammonia, and 5.8 g TEOS were placed in a flask and stirred for 24 h 
while covered. The resulting spheres had average diameters of 448±23 nm, estimated 
from SEM images. The sphere suspension was left to sediment in a crystallization dish 
for 4 days and allowed to dry. The resulting template pieces were opalescent. 
4.2.8. Synthesis of 3DO SiO2/ZrO2 
A mixture of 0.5 g zirconium acetate was diluted with 0.5 g methanol. The solution 
was then stirred for 5 min. An amount of 0.15 g of dried 448±23 nm SiO2 sphere 
template was placed in a scintillation vial and 0.12 g of the liquid precursor was placed 
near the bottom of the template to be infiltrated by capillary action. The vial was sealed 
and allowed to infiltrate for 1 day. The composite was then allowed to dry and placed in a 
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quartz tube within a tube furnace and heated to 550 °C at 2 °C and held there for 2 h. 
Heating took place under either air or nitrogen. 
4.2.9. Synthesis of SiO2 Precursor for 3DO PMMA/SiO2 
A liquid SiO2 precursor was prepared by mixing 1.5 g TEOS, 1 g methanol, 0.75 g 
water, and 0.25 g HCl. The mixture was stirred for 5 s and another 1.5 g TEOS was 
added in order to increase the SiO2 density in the final product. An amount of 0.9 g of a 
dried PMMA template composed of 470 nm spheres was then placed in a scintillation 
vial. 0.68 g of the liquid SiO2 precursor was placed near the bottom of the template to be 
infiltrated by capillary action. The vial was sealed and placed in an oven at 70 °C for 4 
days.  
4.2.10. Hydrophobic Coating of 3DOM SiO2 
3DOM SiO2 was placed in a glass scintillation vial. Ca. 10 mL of “Liquid Wrench” 
silicone spray was sprayed into a glass beaker and left to de-foam. The silicone spray was 
then added dropwise to the 3DOM SiO2 until the powder was wetted. Excess liquid was 
removed by pipette. The wetted sample was placed in an alumina boat and inserted into a 
quartz tube. The quartz tube was capped with rubber stoppers fitted with glass pipettes 
and nitrogen was flowed through the tube at 0.6 L/min. The furnace was heated at 20 
°C/min to 500 °C and then allowed to cool. 
4.2.11. Grinding of 3DOM Powders 
3DOM powders were placed on a 38–µm stainless steel mesh sieve. The 3DOM 
powder and mesh were wetted with ethanol. The 3DOM powder was then gently rubbed 
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into the mesh using a gloved finger with frequent washings of the mesh with ethanol into 
a collection pan. This was done until no powder remained. The ethanol/3DOM 
suspension was then poured into a 0.75 L polyethylene bottle and allowed to sediment for 
24 h. After this time, the ethanol was carefully removed by pipette until ~10 mL of 
ethanol and the sedimented 3DOM powder were left. This mixture was then washed out 
of the bottle with ~10 mL ethanol into a 20 mL scintillation vial. The suspension was 
again allowed to sediment for 24 h, after which time the ethanol was removed by pipette. 
The remaining wet powder was placed in an oven at 100 °C until dry.  
4.2.12. Characterization 
Diffuse reflectance UV-vis spectra were obtained using a Fisher Scientific Evolution 
220 UV-vis spectrometer with an Evo 200 Integrating Sphere reflectance spectroscopy 
attachment. Select spectra were smoothed using an exponential smoothing algorithm. 
Scanning electron microscopy (SEM) images were obtained using a JEOL 6700 scanning 
electron microscope operating at 5 keV. Samples were prepared for the SEM by lightly 
dusting them onto adhesive carbon and affixing them to aluminum mounts. All samples 
were then coated with 50 Å of platinum. SEM measurements were performed using 
ImageJ software. XRD was performed on a Panalytical X’pert Pro diffractometer with a 
cobalt source (Kα, λ = 1.789 Å) operated at 45 kV, 40 mA. 
For thin-film UV-vis measurements, the synthesized 3DOM powders were crushed 
between two quartz slides or discs in the presence of ethanol. The powders were crushed 
until no large particles were visible. Figure 4.1 shows a typical film with a thickness of 
<100 µm. The average particle size after crushing was estimated to be <50 μm by optical 
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microscopy. The films were allowed to dry and maintained adhesion to the quartz 
substrate. 
 
Figure 4.6. 3DOM TiO2/SiO2 film after being dropped onto a quartz disc, together with a standard US 
quarter. 
 
4.3. Results and Discussion 
4.3.1. 3DOM Materials with UV Stop Bands 
The use of 3DOM TiO2/SiO2 materials for UV applications requires a photonic stop 
band below 400 nm in order to diffract wavelengths in the UV and maintain a colorless 
appearance. The location of the stop band is approximated by a combination of Bragg’s 
and Snell’s laws presented in Chapter 1, Equation 1.2, where dhkl is defined by Equation 
1.3 for the face-centered cubic structure.  
For this study, it was found that, for the materials involved, a template sphere size 
between 270 and 280 nm was ideal to place the stop band just below 400 nm. A stop 
band at this position resulted in materials that were not colored, but possessed a stop band 
that could influence the reflectance of UV light. 
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Intensely colored 3DOM SiO2 with stop bands in the visible spectrum has been 
previously synthesized (Chapter 3). The use of SiO2 for color applications is favorable 
due to its low toxicity, environmental abundance, and its ability to form well-ordered and 
homogeneous 3DOM materials. The structural advantages come from the SiO2 
precursor’s ability to crosslink over an extended network. However, for UV applications, 
the stop bands in 3DOM SiO2 are not intense enough to make an appreciable difference 
in UV coverage when compared to other non-nanostructured materials that are currently 
used for UV blocking such as TiO2 or ZnO.  
3DOM TiO2 has also been previously synthesized for color applications (Ben Wilson, 
unpublished work). However, the materials did not exhibit intense stop bands due to 
reduced structural homogeneity and high residual carbon content. In order to create UV 
reflective materials that also possessed high absorbance in the UV, a composite material 
of SiO2 and TiO2 was synthesized. The SiO2 portion of the material was present to 
provide structural regularity while the TiO2 portion provided high UV absorbance as well 
as an increased contrast in index of refraction. The material was heated in air to remove 
absorbing carbon species and improve transparency in the visible region. 
4.3.2. Incorporation of TiO2 into 3DOM SiO2  
TiO2 was initially added as 25 mol% in 75 mol% SiO2 (3DOM TiO2/SiO2 25:75) in 
order to observe the effects of incorporated TiO2. Figure 4.2 shows the differences in the 
reflectance spectra of pure 3DOM SiO2 vs. 3DOM TiO2/SiO2 25:75. The UV-vis spectra 
shown in Figure 4.2 correspond to bulk powders with a thickness <2 mm. The most 
apparent difference between the two spectra is the presence of the TiO2 band edge 
 112 
 
beginning at ~390 nm. In the 3DOM SiO2 sample, no band edge is present in this region 
due to the lack of TiO2. The stop band itself is much more pronounced in the spectrum 
for 3DOM SiO2. This is due to the absence of any light absorption by the material at or 
around the location of the stop band. For the 3DOM TiO2/SiO2 25:75, light absorption by 
the solid skeleton diminishes the extent of light propagation through the photonic crystal 
structure and hence the observable effect of the stop band at wavelengths where 
absorption occurs. Ideally, the stop band should be placed outside of any regions of high 
absorbance to facilitate diffraction events that are vital for photonic reflection.  
 
Figure 4.27. UV-vis reflectance spectra of 3DOM TiO2/SiO2 25:75 compared to 3DOM SiO2. Relevant 
features include the TiO2 band edge (region of low reflectance <400 nm) as well as the photonic stop bands 
for both materials (marked with arrows). 
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To investigate the effects of the 3DOM nanostructure on the UV-vis spectrum of 
3DOM TiO2/SiO2 25:75, the spectrum was compared to that of a bulk material with the 
same composition (Figure 4.3). The purpose of incorporating nanostructure into these 
materials was to improve the coverage in the UVA range. It is, therefore, important to 
investigate other potential optical changes that arise due to nanostructuring. The 
untemplated material was synthesized using the same liquid precursor but without the 
templating step involving PMMA spheres. One important difference between the UV-vis 
reflectance spectra of the untemplated and 3DOM TiO2/SiO2 25:75 samples is the 
position of the band edge, which was determined to be 390 and 379 nm, respectively, by 
extrapolation of the slope of the band edge through the inflection point of the band edge 
curve to the x-axis. For the determination of the band edge in the untemplated sample, a 
Kubelka-Munk transformation was used to correct the spectrum due to the sample’s 
isospectral scattering. For 3DOM materials, several assumptions of the Kubelka-Munk 
function, such as isospectral scattering and zero transmittance, break down.195-196 
Therefore, uncorrected absorbance data were used for band-edge determination in all 
3DOM samples. Similar uncorrected measurements have also been performed on films of 
TiO2 nanoparticles with consistent and verifiable results.
197 Values obtained using these 
methods in 3DOM materials were also confirmed through crystallographic data, 
discussed later in this chapter. The shifting of the band edge is likely due to quantum size 
effects resulting from regions of TiO2 dispersed within larger regions of SiO2. These 
effects are discussed in more detail later in this document. The UV-vis spectra in Figure 
4.3 also reveal an increase in incoherent scattering properties in the templated material. 
This increase in scattering is due to the multiple material surfaces created through the 
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templating process. The increased incoherent scattering along with any stop band 
reflectance at wavelengths longer than 400 nm will potentially limit the transparency of 
these materials in the visible range. 
 
Figure 4.3. SEM images of (A) 3DOM TiO2/SiO2 25:75 and (B) untemplated TiO2/SiO2 25:75, showing 
the presence (A) or absence (B) of templated nanostructure within the materials. (C) UV-vis reflectance 
spectra of 3DOM TiO2/SiO2 25:75 and untemplated TiO2/SiO2 25:75, illustrating differences in band edge 
position and scattering effects. (D) UV-vis absorbance spectra of 3DOM TiO2/SiO2 25:75 (left axis, 
absorbance) and untemplated TiO2/SiO2 25:75 (right axis, R(∞), Kubelka-Munk) used to determine band-
edge positions by extrapolation of the slope through the inflection point of the band-edge curve to the x-
axis, shown as a black dotted line. 
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4.3.3. Optical and Structural Properties of Various Compositions of 3DOM 
TiO2/SiO2 
3DOM TiO2/SiO2 samples containing 5, 25, 50, and 75 mol% TiO2 in SiO2, as well as 
100% 3DOM TiO2 and 100% 3DOM SiO2 were synthesized in order to compare the 
optical properties of various compositions of 3DOM TiO2/SiO2. Figure 4.4 shows the 
UV-vis reflectance spectra of ground powders of these samples with a bed thickness of 
ca. 1–2 mm. Starting with pure 3DOM SiO2, as the TiO2 content was increased, the TiO2 
band edge became increasingly more prominent up to 25 mol% TiO2. The band edge then 
shifted to longer wavelengths for samples with higher TiO2 concentration, confirming 
that size effects are the likely cause of the shifting band edge. The values for the band-
edge positions were determined through the extrapolation of the band edge slope as it 
passes through the inflection point of the curve. These values were then used to estimate 
TiO2 domain size according to established procedures.
197 Values for the band edge 
position, TiO2 size, as well as other structural and spectral information can be found in 
Table 4.1. 
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Figure 4.4. UV-vis spectra of various compositions of 3DOM TiO2/SiO2. Reflectance spectra (top) show a 
shifting band edge with increased TiO2 content as well as the diminishing stop bands at ~400 nm. 
Absorbance spectra (bottom) were used to estimate TiO2 particle size. 
 
 
 
 
  
 117 
 
Table 4.1. Selection of measured and calculated values for various 3DOM material compositions of TiO2 
in SiO2 as well as pure SiO2 and TiO2. 
% TiO2 
in SiO2 
nwalla navgb 
Fill 
fractionc 
Stop 
bandd 
(nm) 
 
Pore 
sizee 
(nm) 
Band 
edgef 
(Abs) (nm) 
TiO2 size 
(Abs)g (Å) 
Crystallite 
sizeh (Å) 
Band edgei 
(XRD) (nm) 
0 1.46 1.06 0.14 395 228 ± 3 N/A N/A N/A N/A 
5 1.51 1.07 0.18 405 227 ± 5 N/A N/A N/A N/A 
25 1.71 1.10 0.14 410 229 ± 3 379 27.87 30 379 
50 1.97 1.14 0.14* 414† 223 ± 9 378 26.86 30 379 
75 2.23 1.17 0.14* 400† 209 ± 2 385 36.5 41 385 
100 2.49 1.21 0.14* 412† 213 ± 4 389 53.24 142 391 
 
anwall calculated using standard refractive indices for TiO2 (2.488) and SiO2 (1.455) adjusted using 
mol% values as vol%. Actual material refractive indices may deviate from this value. 
b navg calculated using standard refractive indices for TiO2 (2.488), SiO2 (1.455), and air (1) and 
assuming a solid fill fraction of 0.14. Actual material refractive indices may deviate from this 
value. 
c Determined using stop band position (UV-vis) and pore size (SEM) data. 
d Determined by UV-vis reflectance spectra. 
eMeasured using SEM images. 
f Extrapolated using the slope of the absorbance curve through the inflection point of the band 
edge. 
gCalculated using band edge position.197 
hCalculated from XRD line broadening data using the Scherrer equation. 
iCalculated using TiO2 crystallite size determined by XRD. 
*Approximated value based on fill fractions determined for 3DOM SiO2, TiO2/SiO2 5:25, and 
TiO2/SiO2 25:75. 
†Calculated value based on 0.14 solid fill fraction, calculated navg, and measured pore spacing. 
 
Two prominent spectral differences between samples in Figure 4.4 were the stop band 
positions and the band edge positions. The relative position of the stop bands changed as 
TiO2 concentration was increased. With increased TiO2 content, a red-shift in peak 
position was observed for materials that possessed similar pore sizes according to Table 
4.1. The stop band position for 3DOM SiO2, 3DOM TiO2/SiO2 5:95, and 3DOM 
TiO2/SiO2 25:75 red-shifted with increasing TiO2, consistent with the increase in average 
index of refraction of the material. However, for TiO2 concentrations greater than 25 
mol%, the stop band intensity diminished as greater amounts of TiO2 were incorporated.  
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A shift in stop band position between materials that are synthesized from the same 
template spheres can typically be caused by a number of factors, including changes in 
overall refractive index and pore size changes due to different shrinkage properties of 
various components during calcination. With the addition of TiO2 into the 3DOM 
structure, a rise in average refractive index of the wall material is expected due to the 
high refractive index of anatase TiO2 (2.488) relative to SiO2 (1.455). However, this red-
shift is mitigated to a certain degree by the shrinkage characteristics of the different 
materials at high calcination temperatures. Higher TiO2 content should increase the 
shrinkage (typically ~20% for pure TiO2 vs. ~15% for pure SiO2)
64 of the structure after 
calcination due to increased densification as crystalline TiO2 is formed. These competing 
factors make the prediction of stop band location difficult based on refractive index 
alone. In addition to these factors, the observed position of the stop band maxima after 
these properties are considered may not correspond to the actual stop band position. This 
is due to the high absorbance at the onset of the TiO2 band edge, which causes a part of 
the reflectance peak to be truncated. This results in a reflectance peak that appears to be 
located at slightly higher wavelengths than the band edge when, in reality, it may be 
extending into it. Table 4.1 shows values for the measureable stop band positions for 
3DOM SiO2, 3DOM TiO2/SiO2 5:95, and 3DOM TiO2/SiO2 25:75. The fill fraction was 
calculated using Equation 1.4 in Chapter 1 with navg broken down into fill fraction and 
refractive index of each component, with peak positions measured by UV-vis 
spectroscopy and pore sizes measured by SEM. The stop band positions for 3DOM 
TiO2/SiO2 50:50, 3DOM TiO2/SiO2 75:25, and 3DOM TiO2 were then calculated using a 
fill fraction of 0.14 along with measured pore sizes and the expected navg of each 
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composition. The stop band positions were calculated to be at 414 nm, 400 nm, and 412, 
nm respectively. Each of these values lies within a region of the spectrum that has 
increased absorbance due to the TiO2 band edge, confirming the likelihood that the stop 
band peaks were obscured.  
This was confirmed by infiltrating the higher TiO2 samples with ethanol in order to 
red-shift the stop band into the visible region where it could be observed (Figure 4.5). 
Expected stop band positions for ethanol-infiltrated 3DOM TiO2/SiO2 75:25 and 3DOM 
TiO2 were calculated using the same parameters used above with the refractive index of 
air substituted with the refractive index of ethanol. Values of 506 nm and 518 nm were 
obtained for the stop band positions of these infiltrated materials. The UV-vis spectra in 
Figure 4.5 confirm the expected stop band shift and show that stop bands are present in 
the dry material but are obscured by the absorbing band edge of TiO2. The agreement 
between calculated and experimental values for stop band positions in the ethanol-
infiltrated samples also confirmed that the previously calculated values for the stop band 
position of the dry samples were valid. It was also observed that the reflectance intensity 
of the stop band for the pure 3DOM TiO2 is much smaller and broader than that of 
3DOM TiO2/SiO2 75:25. SEM analysis of all of the materials gives some insight into the 
diminished photonic properties observed for these samples. 
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Figure 4.5. UV-vis spectra of high-TiO2 content 3DOM TiO2/SiO2 with and without infiltrated ethanol. 
The infiltrated 3DOM exhibited red-shifted stop bands that were no longer influenced by the TiO2 band 
edge to facilitate observation. 
 
SEM images of 3DOM SiO2, all 3DOM TiO2/SiO2 samples, as well as 3DOM TiO2 
can be found in Figure 4.6. The 3DOM SiO2, 3DOM TiO2/SiO2 5:95, and 3DOM 
TiO2/SiO2 25:75 samples (Figure 4.6, A, B, C) exhibited the greatest degree of structural 
order with large domains of well-ordered pores. However, as the TiO2 content was 
increased relative to SiO2 content, the long-range structural order began to break down, 
as observed in Figure 4.6 D, E, F. This breakdown of long-range order was a likely 
culprit for the diminished stop band in the 3DOM TiO2 sample synthesized using the 
methods herein. 
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Figure 4.6. SEM images of various compositions of 3DOM SiO2, 3DOM TiO2/SiO2, and 3DOM TiO2. (A) 
0:100 (B) 5:95, (C) 25:75, (D) 50:50, (E) 75:25, (F) 100:0. The structures are observed to become more 
irregular over large areas at higher TiO2 concentrations. 
 
X-ray diffraction (XRD) patterns were obtained for each sample containing TiO2 in 
order to estimate TiO2 domain size and phase (Figure 4.7). The XRD patterns show that 
increased TiO2 concentration produces larger TiO2 crystallites, as expected from band 
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edge positions. All TiO2 domains that could be analyzed consisted of the low-temperature 
anatase phase. 3DOM TiO2/SiO2 25:75 and 50:50 produced similar patterns, which 
supports their similar band edge positions. TiO2 domain size data extracted by analyzing 
peak line broading in the XRD patterns by the Scherrer equation suggested similar 
domain sizes as estimates from the observed band edge positions. 
 
Figure 4.7. XRD patterns of all 3DOM TiO2/SiO2 compositions as well as 3DOM TiO2. Patterns show 
increased peak broadening with low TiO2 concentrations. Peaks from the sample holder are starred.  
 
4.3.4. Optical Properties of Thin-film 3DOM TiO2/SiO2  
In order to determine the effectiveness of these materials as UV-blocking structures 
on skin, their performance as thin films was determined. The following characterization 
experiments were performed by dropping a slurry of ground 3DOM particles mixed with 
ethanol onto a quartz disc and allowing it to dry. The maximum 3DOM particle size was 
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estimated to be <40 μm. However, the thickness of each film was difficult to determine 
as the act of measuring thickness altered the thickness of the film. It is important to note 
that changes in film thickness can account for differences in transmittance, scattering, and 
absorbance between each of the samples analyzed. Exact values for transmittance and 
reflectance differed greatly with changing film thicknesses. 
Figure 4.8 shows reflectance and transmittance spectra for each thin film prepared 
using 3DOM TiO2/SiO2 with different TiO2 concentrations. Reflectance and 
transmittance measurements for each sample were performed on the same thin film using 
different apertures in the UV-vis spectrometer. Each sample exhibited a sloping baseline 
from 400 nm to 800 nm that corresponded to the incoherent scattering of photons from 
the structural surfaces. The stop band was observed in the transmittance spectra as a 
truncation of that curve at ~400 nm. The corresponding position in the reflectance spectra 
showed the same stop band peak followed by increased absorbance due to the TiO2 band 
edge. Also noticeable in the transmittance spectra were the TiO2 band edge positions for 
each different material, which shifted to higher wavelengths as the TiO2 concentration 
was increased. 
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Figure 4.8. UV-vis reflectance and transmittance spectra for various compositions of 3DOM TiO2/SiO2. 
 
The effect of 3DOM film thickness on transmittance and reflectance properties was 
further analyzed by performing UV-vis transmittance measurements on a 3DOM thin 
film as its thickness was increased with successive drops of 3DOM particle/ethanol 
slurry. Figure 4.9 illustrates the effects of film thickness on the transmittance properties 
of a 3DOM TiO2/SiO2 25:75 film. The spectra indicated that as the film thickness was 
increased from ~30 μm to ~100 μm, the incoherent scattering of light also increased, 
resulting in a decrease in transmittance at lower visible wavelengths above the band edge. 
The influence of the stop band also increased with larger film thickness due to the 
presence of more 3DOM particles causing coherent diffraction. In order to determine an 
ideal thickness for films of these materials, it will be necessary to balance the advantage 
of a larger stop band with the disadvantage of lower transmittance in the visible range. 
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Band edge positions for each film thickness also varied with changes in thickness. Band 
edge shifts observed in Figure 4.9 with increasing thickness are not true band shifts and 
are instead a result of increased scattering affecting the transmittance properties as 
thickness is increased. The true effect of the stop band on the extension of the UV 
coverage of these materials is difficult to determine due to the heavy influence of 
scattering at approximately the same region as the stop band position. Materials used in 
current UV blocking technologies have been optimized through size and shape 
manipulation to control this scattering.191-192 While this incoherent light-scattering assists 
in the blocking of UV transmission in these materials, it gives the films a white 
appearance that is undesirable in personal UV protection products. 
 
Figure 4.9. UV-vis spectra of thin films of 3DOM TiO2/SiO2 25:75 with increasing thicknesses. Maximum 
thickness was estimated to be ca. 100 μm for 150 drops of the slurry.  
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4.3.5. Solvent-Shifted 3DOM TiO2/SiO2 for Color Pigments 
After observing the solvent-induced stop band shifts found in Figure 4.5, it was 
hypothesized that UV 3DOM materials could become colored after infiltration with 
specific solvents. However, due to the absence of carbon within the structure, as 
discussed in Chapter 2, the materials were still mostly white with only slight coloration. 
The role of carbon in intensely-colored 3DOM materials is to reduce the overall 
reflectance of the material across the visible spectrum so that the influence of the stop 
band can be perceived visually. Rather than re-introduce carbon into the structure using 
established procedures,166 a more selective absorbing species was utilized that did not 
absorb across the entire visible spectrum.  
3DOM TiO2/SiO2 5:95 was infiltrated with a diluted commercial food dye (FD&C 
Yellow 5 and FD&C Blue 1) and dried in order to incorporate a contrast agent into the 
structure. Rather than absorb across the entire visible spectrum like carbon, the dye was 
chosen in order to selectively absorb at wavelengths other than the position of the 
solvent-shifted stop band of 3DOM TiO2/SiO2 5:95. The UV-vis spectra of the dye as 
well as the 3DOM materials before and after the dye incorporation can be found in Figure 
4.10 along with a final UV-vis spectra of the dyed and solvent-infiltrated 3DOM 
TiO2/SiO2 5:95. The absorbance spectrum of the green dye (right axis) shows a low 
absorbance between 500 nm and 550 nm and higher absorbance at the wavelengths 
surrounding that range. The low-absorbance range of wavelengths also corresponds to the 
position of the stop band in the ethanol-infiltrated 3DOM TiO2/SiO2 5:95. This created a 
situation where the solvent-shifted stop band lies in a low-absorbing range of 
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wavelengths of the contrasting agent. The combination of increased reflectance from the 
stop band in that region along with decreased reflectance at surrounding wavelengths due 
to the presence of the green dye contrast agent created a vibrant green color that was only 
observed upon solvent-shifting of the stop band position (Figure 4.11). After the solvent 
was allowed to dry, the color intensity decreased again due to the blue-shifting of the stop 
band position back into the UV range. These findings open up the way for future 
photonic color pigments that are amenable to infiltration without the drastic reduction in 
coloration that usually occurs due to a combination of index-matching and material 
absorbance.  
 
Figure 4.10. UV-vis spectra of white and dyed 3DOM TiO2/SiO2 5:95 with and without ethanol infiltration 
as well as the absorbance spectrum of the green dye. The stop band position of 3DOM TiO2/SiO2 5:95 was 
observed to line up with the low-absorbance range of the green dye.  
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Figure 4.11. Images of dyed 3DOM TiO2/SiO2 25:75. (A) 3DOM TiO2/SiO2 25:75. (B) Ethanol-infiltrated 
3DOM TiO2/SiO2 25:75. (C) 3DOM TiO2/SiO2 25:75 after dye infiltration and drying. (D) Dyed 3DOM 
TiO2/SiO2 25:75 partially wetted with ethanol. (E) Dyed 3DOM TiO2/SiO2 25:75 after ethanol infiltration. 
 
4.3.6. Prevention of Solvent Infiltration in 3DOM Materials 
For future applications in both UV blocking products and color pigment systems, 
3DOM materials may be used inside various liquid matrices, depending on the intended 
function. Liquid infiltration, however, shifts the stop band location of the materials. In 
order to avoid this infiltration, several strategies can be employed. One such strategy 
involved coating 3DOM particles with a hydrophobic silicone layer. This method was 
viable for preventing water infiltration but was not appropriate for low-contact angle 
polar solvents or non-polar solvents. Due to this, other strategies were devised to prevent 
liquid infiltration by eliminating pore space entirely. 
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4.3.6.1. Hydrophobic Coating for 3DOM Materials 
One strategy to prevent the infiltration of liquids into the pores of 3DOM SiO2 was to 
coat the surface of the 3DOM walls with a material that would repel water and make 
infiltration by water unfavorable. To achieve this, already-made 3DOM SiO2 particles 
were wetted with a commercial silicone spray (Liquid Wrench™) consisting of PDMS in 
a hydrocarbon solvent. The wetted powder was then heated at 10 °C/min to 500 °C under 
0.6 L/min flowing N2 and allowed to cool. The heating process removed the volatile 
hydrocarbons and deposited a hydrophobic coating on the 3DOM SiO2 powder. 
After heating, the powder became impervious to infiltration by water (Figure 4.12) 
while experiencing a slight improvement in reflectance% according to UV-vis data 
(Figure 4.13). The hydrophobic coating also repelled other polar solvents with high 
surface energies such as ethylene glycol. The powder was still susceptible to infiltration 
by low surface tension liquids such as ethanol, methanol, and isopropanol. The increase 
in reflectance was possibly due to a smoothing of the pore walls after coating. These 
powders retained their hydrophobic properties for at least 1.5 years after initial coating. 
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Figure 4.12. Photo showing the difference in water infiltration between uncoated 3DOM SiO2 and coated 
3DOM SiO2. The coated 3DOM stays on top of the water and retains its purple color while the uncoated 
3DOM is infiltrated by the water and sinks as a consequence. 
 
Figure 4.13. UV-Vis spectra of 3DOM SiO2 before and after the application of a hydrophobic coating. 
 
4.3.6.2. Three-dimensionally Ordered SiO2 Sphere Array with ZrO2 Filling Material 
Another strategy to reduce liquid infiltration involved the use of a template made of 
SiO2 spheres in order to preserve the presence of the template array after thermal 
processing. Theoretically, this would prevent the formation of open macropores which 
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allow solvent infiltration, but would still possess a photonic stop band due to the 
refractive index contrast of the filling material and the SiO2 spheres.  
To create the SiO2 sphere array, SiO2 spheres were synthesized using a modified 
Stöber method. SEM analysis of the self-assembled template showed small crystalline 
domain sizes caused by the fast, 4-day sedimentation compared to the long 3–4 week 
sedimentation times of less-dense PMMA spheres (Figure 4.14). The resulting spheres 
were measured by SEM imaging to have average diameters of 448±23 nm. 
 
Figure 4.14. SEM image of self-assembled SiO2 spheres. 
 
The SiO2 template was then infiltrated with a ZrO2 liquid precursor and thermally 
processed at 550 °C to produce a three-dimensionally ordered SiO2 array with ZrO2 
filling material (3DO SiO2/ZrO2). UV-vis spectra of the sphere template as well as 3DO 
SiO2/ZrO2 processed under both N2 and air can be found in Figure 4.15. Despite the 
major (111) diffraction peak being outside of the visible range (~1198 nm), weak 2nd 
order Bragg peaks were observed at calculated positions (0.26 fill fraction, 448 nm 
sphere diameter). 
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Figure 4.15. UV-vis spectra of 3DO SiO2/ZrO2 (processed in air or N2) before and after infiltration with 
ethanol. A calculated 2nd-order diffraction peak position is shown at 599 nm (0.26 fill fraction, 448 nm 
sphere diameter). After infiltration, the photonic peaks at ~600 nm are no longer observed, indicating a 
high degree of infiltration.  
 
Despite the absence of intense stop bands in the UV-vis spectra, the materials were 
still tested for resistance to solvent infiltration. Both 3DO SiO2/ZrO2 samples were 
exposed to ethanol, and both structures were readily infiltrated upon contact with the 
liquid. Figure 4.15 shows the UV-vis spectra of the infiltrated materials. The reflectance 
spectra of the infiltrated 3DO SiO2/ZrO2 indicated that the weak stop band peaks 
previously located at ~600 nm were no longer visible, as a result of solvent-induced 
shifting along with a reduction in intensity.  
SEM images of the 3DO SiO2/ZrO2 samples can be found in Figure 4.16. It was 
observed that the ZrO2 formed an incomplete filling of the interstitial spaces between the 
template spheres after calcination. Large areas of both samples contained no appreciable 
ZrO2 infiltration. In most observed areas of the samples, the appearance differed little 
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from the original SiO2 template. Only small domains of infiltrated material were 
observed (Figure 4.16 B), while other regions contained fragments of possible ZrO2 on 
the surface. Several factors may have caused this incomplete infiltration. Surface 
incompatibility between the liquid precursor and the SiO2 template may have caused 
insufficient infiltration during the liquid-infiltration phase of the synthesis. However, no 
regions of untemplated ZrO2 were observed outside of the SiO2 template.  
 
Figure 4.16. SEM images of 3DO SiO2/ZrO2. (A, B) 3DO SiO2/ZrO2 processed in N2. (C,D) 3DO 
SiO2/ZrO2 processed in air. Images show incomplete filling of the interstitial spaces. 
 
In order to achieve a higher degree of infiltration of ZrO2 into the SiO2 template, 3DO 
SiO2/ZrO2 was re-infiltrated and dried an additional 5 times before performing another 
calcination using conditions identical to those described above. SEM analysis of the 3DO 
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SiO2/ZrO2 that was infiltrated multiple times showed a SiO2 sphere array infiltrated with 
ZrO2 filling material (Figure 4.17). However, this sample revealed a potential pitfall in 
the use of these types of material composites. For materials of more than one composition 
undergoing thermal treatment, differences in shrinkage during processing must be taken 
into account. ZrO2 undergoes ~33% shrinkage, as reported by Schroden et al.,
64 whereas 
the SiO2 spheres do not undergo any measurable shrinkage according to measurements 
from SEM images before and after thermal treatment. The disparity in shrinkage 
properties results in a structure that still contains void spaces even after a complete initial 
infiltration. These void spaces arise from the area left after the filling material densified 
and cannot cause the shrinkage of the entire structure due to the presence of rigid SiO2 
spheres. 
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Figure 4.17. SEM image of 3DO SiO2/ZrO2 infiltrated five additional times before being calcined a second 
time. Inhomogeneous shrinkage between ZrO2 filling material and SiO2 spheres causes large void spaces to 
appear throughout the structure. 
 
4.3.6.2 Three-dimensionally Ordered PMMA/SiO2 with Low Temperature Thermal 
Treatment 
In order to avoid the problem of inconsistent shrinkage between the template and 
filling material, a synthesis that does not require high calcination temperatures might be 
necessary. To test the viability of this strategy and to verify the imperviousness of the 
resulting material to infiltration, a synthesis involving polymer spheres and SiO2 was 
attempted as a proof of concept. SiO2 forms an extended gel network upon infiltration 
and drying that increases in hardness and refractive index as the network is cross-linked. 
High-temperature thermal processing has been used in the past to hasten cross-linking in 
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3DOM SiO2, but this process removes the template spheres, which were needed to fill to 
pore spaces in this case. 
A liquid SiO2 precursor was infiltrated into a colloidal crystal of 470 nm PMMA 
spheres and placed in an oven at 70 °C for 4 days to create 3DO PMMA/SiO2. After 
hardening, the infiltrated material exhibited opalescence, indicating a refractive index 
contrast large enough to create stop bands in the visible region. Upon addition of ethanol, 
a slow infiltration was observed. However, a visible color shift was not observed during 
this infiltration. The material before and after infiltration still possessed the same color of 
opalescent reflection (Figure 4.18). The infiltrated 3DO PMMA/SiO2 also appeared to 
possess less structural scattering due to its wetting, becoming more transparent. 
 
Figure 4.18. Images of 3DO PMMA/SiO2 before (left) and after (right) infiltration with ethanol. No 
apparent color shift was observed, although a reduction in structural scattering produced a more transparent 
structure after infiltration. 
 
UV-vis reflectance spectra of 3DO PMMA/SiO2, before and after infiltration, were 
obtained (Figure 4.19). The spectra showed that, upon infiltration, a very minimal red-
shift occurred. This indicated that, despite observed infiltration with ethanol, very little 
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void space was available and, subsequently, only a very small change in navg was 
experienced. SEM images of 3DO PMMA SiO2 confirm this observation (Figure 4.20). 
The images show a structurally robust material with PMMA spheres filling most 
observable pores. The pore spacing of the material was measured to be ~410 nm, a 
shrinkage of ~13% from the original 470 nm sphere size. Using the measured pore 
spacing of ~410 nm, the peak positions observed at ~600 nm were calculated to 
correspond to the (220) diffraction peak of the photonic crystal lattice (0.26 fill fraction, 
refractive index of 1.46 for SiO2 and 1.49 for PMMA). Upon shrinking, the SiO2 material 
served to compress the pore-filling spheres, resulting in a structure with little void space 
available for solvent infiltration. Interestingly, the ethanol (refractive index of 1.36) that 
does infiltrate the structure does not affect the average index of refraction of the material 
in a significant manner due to the minimal amount of void space filled. The result was a 
structure that resisted solvent-induced stop band shifts.  
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Figure 4.19. UV-vis spectra of 3DO PMMA/SiO2 before and after infiltration. A minimal stop band shift is 
observed upon infiltration with ethanol due to the limited void space available within the structure. 
 
 
Figure 4.20. SEM images of 3DO PMMA/SiO2. A high degree of structural order is maintained, and the 
combined PMMA and SiO2 phases eliminate most of the pore space. 
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4.4 Conclusions 
3DOM materials of various compositions were synthesized for use in UV blocking 
applications. Due to the limited light absorption in the UVA region by bulk TiO2, 
photonic stop bands were placed in this region through colloidal crystal templating in 
order to extend the UV coverage of the materials. Various amounts of TiO2 were 
incorporated into SiO2 in order to observe band edge effects, stop band positions, and 
other optical characteristics. SiO2 provided a regular structural component that ensured 
periodicity over large domains with little disassembly, while TiO2 provided high 
absorbance in the UV through its electronic band edge. 
Due to the isolation of TiO2 domains within the SiO2 matrix, quantum size effects 
were observed as a blue-shift in the TiO2 band edge at low TiO2 content. As the TiO2 
content was increased, the band edge shifted closer to the bulk value. However, with 
higher TiO2 content, the structural component of the material became less regular. It was 
also found that the presence of a stop band below 400 nm was obscured by the high 
absorbance of the TiO2 band edge. The band edge served to absorb a majority of incident 
photons, reducing coherent scattering from diffraction and resulting in stop bands that 
were either poorly-developed or absent. This effect greatly diminishes the potential of 
using photonic crystal stop bands to extend the UVA coverage of TiO2.  
The use of 3DOM materials as UV blockers will also be limited in the future by the 
high degree of incoherent scattering within the structures as well as the band edge shifts 
associated with the nanostructure of the materials. The issue of strong scattering has long 
been a known problem for physical UV blockers such as TiO2 and ZnO. This has been 
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addressed in current physical UV blockers my modifying shape, size, and distribution of 
nanoparticles of these compositions. The modification of these parameters is more 
complex in 3DOM materials as the factors that affect incoherent scattering are 
determined by the 3DOM walls, whose dimensions are constrained by the interstitial 
template spaces and liquid precursor formulations. Properties such as 3DOM wall 
thickness have been modified in the past using etching or changes to precursor 
concentration. While this process could possible increase the transparency of the 
materials by opening up the structure, the decrease in TiO2 domain size within those 
walls would cause an undesirable band edge shift further into the UV.  
Thin film UV-vis transmittance spectra were obtained in order to observe the UV-
blocking effects of 3DOM TiO2/SiO2 25:75. The stop band became more pronounced 
with increased film thickness. However, increased incoherent scattering was also 
observed as thickness was increased, limiting the transparency of the films in the visible 
region. 
3DOM materials with stop bands in the UV were found to be effective solvent-
shifted, dye-contrasted pigments. By matching regions of low absorbance in a select dye 
with the location of a solvent-shifted photonic peak, intense coloration was achieved. 
This method may open the door to the synthesis of new 3DOM materials that have 
anticipated stop band shifts after infiltration with select liquid media. 
A separate study on the prevention of solvent infiltration on photonic materials was 
carried out. It was hypothesized that by eliminating the void space within the 3DOM 
macropores, the unwanted solvent-induced stop band shifts that occur in 3DOM materials 
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would be mitigated. It was found that the combination of shrinkage during thermal 
processing and the rigidity of a SiO2 template prevented the elimination of void space to-
date. 3DO SiO2/ZrO2 treated at 550 °C contained little interstitial space-filling materials 
and was readily infiltrated. Void spaces were mostly eliminated in a 3DO PMMA/SiO2 
composite that was not thermally treated at high temperatures. These materials showed 
very little stop band shift when exposed to ethanol infiltration and did not experience a 
major color change as a result. 
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Chapter 5 
Synthesis of 3DOM Materials for Enhanced Thermal Emission Devices 
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All experimentation and characterization described in this chapter involving, specifically, 
the coating of refractory metals on thin films of carbon and their subsequent thermal 
treatment was performed by Dr. Prashant Nagpal and is included in this document as vital 
complementary material. 
 
5.1. Introduction 
In order to meet the energy demands of a growing world, significant advances in 
energy production must be realized in order to decrease our dependence on fossil fuels 
and utilize renewable resources. The reduction of waste heat in already-utilized energy 
conversion pathways is also of great importance. In order to meet these energy demands, 
new technologies that employ new materials are needed. 
The most abundant source of renewable energy for the Earth is sunlight. However, 
the challenge lies in harvesting this energy. Current technologies have an incomplete 
conversion of these energies due to the finite bandgaps of semiconductor photocells.199-200 
One way in which the efficiencies of solar cells can be increased, while at the same time 
harvesting waste heat from existing sources, is through the use of thermophotovoltaics.199 
Thermophotovoltaic cells possess a thermal-to-electric pathway to energy conversion 
that can be paired with specific semiconductor materials in order to increase conversion 
efficiency.199, 201 These devices work by absorbing energy from the sun or waste heat 
sources and re-emitting photons whose wavelengths depends on the emitter type and 
temperature. These emitted photons can then be absorbed by a semiconductor material 
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chosen to pair with the emitted wavelengths, increasing efficiency. However, this 
approach has been limited by the choice of emitter materials. 
Recently, metallic photonic crystals have been studied as possible thermophotovoltaic 
emitters due to their low emissivity in the infrared and their unique emission properties 
near the photonic band edge.154, 164, 202-204  By patterning a metallic photonic crystal with a 
specific periodic spacing between structural features, it may be possible to tailor the 
emission properties of the emitter material. With tailored emission properties, these 
materials can then be precisely paired with a semiconductor photodiode to take advantage 
of the increased emission at certain wavelengths. 
Several techniques such as lithography, holography, direct laser writing, and layering 
have been previously used to synthesize metallic photonic crystals.116, 164, 202, 205-213 
However, in order to create inexpensive devices for a mass market, techniques that 
require specialized equipment may not be economically viable. Due to this, one of the 
most promising avenues in regards to cost and ease of synthesis lies in colloidal crystal 
templating of metallic photonic crystals.73-79, 214 More information on the colloidal 
crystal templating process can be found in Chapter 1. 
In this chapter, the synthesis of a metallic photonic thermophotovoltaic emitter 
material is investigated. Several issues in the synthesis of this material are addressed. 
First, challenges related to the creation of colloidal crystals for the templating of photonic 
materials with stop bands in the IR are addressed. Then, the synthesis of metallic 
photonic crystals with refractory metal coatings is discussed. The thermal stability of 
these metallic photonic crystals at high temperatures is then investigated.  
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5.2. Experimental 
5.2.1. Materials 
Reagents were obtained from the following sources: ammonium hydroxide, methyl 
methacrylate (99%), tungsten hexacarbonyl (97%), molybdenum hexacarbonyl (98%), 
tantalum pentachloride (99.8%), tetrakis(ethylmethylamino)hafnium(IV), resorcinol 
(99%) and formaldehyde (37 wt% in water) from Sigma-Aldrich; potassium persulfate 
from Fisher Scientific; sodium carbonate (anhydrous) from J.T. Baker; hydrogen 
peroxide (30%) from Mallinckrodt. Nitrogen and deionized water were obtained from in-
house systems. 
5.2.2. Synthesis of Poly(methyl methacrylate) (PMMA) Spheres 
PMMA nanospheres were synthesized using an established literature method.64 A 5-
neck, 3-liter flask was fitted with a Teflon stir blade, a condenser, an NMR tube 
containing a thermocouple, a glass pipette nitrogen bubbler, and a glass stopper. All 
attachments were affixed to the flask with rubber stoppers where necessary. The flask 
was then placed in a heating mantle and the thermocouple was connected to a 
temperature controller. 500 mL of water was added to the 5-neck flask followed by 400 
mL of methyl methacrylate and another 980 mL of water. 1 g of potassium persulfate was 
then dissolved in a separate vial in 20 mL of water. The monomer mixture was then 
stirred at 350 rpm and nitrogen was bubbled through the solution at ~0.1 L/min to purge 
dissolved oxygen as the mixture was heated to 70 °C and left to stabilize. When the 
desired temperature was reached, the potassium persulfate (KPS) solution was added to 
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the water/monomer mixture and the nitrogen bubbler was stopped. After 3 or more hours, 
the polymer suspension was allowed to cool to 50 °C. It was then filtered by glass wool 
to separate out any large pieces of PMMA and placed into a large plastic container for 
storage. A portion of this colloidal suspension was placed in a glass crystallization dish 
and sedimented over several weeks to form dried colloidal crystal template with 
centimeter dimensions. The remaining liquid suspension was used for capillary flow cell 
experiments.  
5.2.3. Synthesis of Poly(styrene) (PS) Spheres 
Due to the challenge of obtaining monodisperse PMMA spheres in the micrometer 
size range, a PS dispersion polymerization from literature sources was used with the goal 
of synthesizing large spheres for 3DOM IR stop bands.72, 215 A 250 mL 3-neck round 
bottom flask was fitted with a mechanical overhead stirrer connected to a glass stir rod 
with a Teflon stir blade, a nitrogen bubbler attached to a glass pipette, and a water 
condenser. Styrene monomer (25 mL) was washed with a molar equivalent of 1 M 
sodium hydroxide solution in a separatory funnel to remove the polymerization inhibitor. 
This washing process was repeated three times. The styrene was then added to the flask, 
along with 200 mL of ethanol. The flask was heated to 60 °C in an oil bath. Nitrogen was 
bubbled into the solution until the time just before the initiator was added and continued 
to flow above the liquid surface after the initiation. When the mixture reached the desired 
temperature, 0.4 g of 2,2-azobisisobutyronitrile (AIBN) initiator and 0.6 g 
polyvinylpyrrolidone (PVP) stabilizer were dissolved in 20 mL ethanol and added to the 
monomer solution. The reaction was carried out under nitrogen for 24 h and then cooled 
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to room temperature and filtered through glass wool. The PS suspension was then 
centrifuged for 15 min at 1,000 rpm and decanted multiple times after the addition of 
more water in order to remove small spheres that were a byproduct of the reaction and to 
remove unreacted monomer and PVP. In order to increase the size of PS particles, a 
second PS sphere synthesis was performed using 50 mL of ethanol instead of 200 mL. By 
lowering solvent levels, more chain combination events take place during polymerization 
due to the increased concentration of monomer, resulting in an increase in average 
diameter.23 However, this synthesis resulted in polydisperse spheres that were used for 
infiltration experiments described later in this chapter. 
5.2.4. Assembly of Colloidal Crystal Films 
Two 1”×3” glass or quartz slides were cleaned in a solution of 10 mL hydrogen 
peroxide and 10 mL of ammonium hydroxide for 30 min. The slides were then removed, 
rinsed with deionized water, and dried under a nitrogen flow. Two 1’’×1’’ silica glass 
microscope slip covers with a thickness of 120 µm were used as spacers between the two 
slides and were placed on the far ends. Two binder clips were attached to the ends of the 
slides in order to secure the slides and the spacers in place. This arrangement created a 
capillary plane in between the two slides. The plane was fixed to the middle of a 3’’×3’’ 
polyethylene stage. The assembly was placed at a 5° angle lengthwise to aid in sphere 
deposition.  
A 1.5 mm hole was drilled into the side of a 30-mL polyethylene bottle to coincide 
with the height of the prepared capillary plane. A 4 cm long capillary tube measuring 1.5 
mm in diameter was bent at a 90° angle 1 cm from the end of the tube using a Bunsen 
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burner flame. The tube was inserted into the hole in the polycarbonate bottle so that one 
end rested inside the bottle and the other end pointed outward. The outward end of the 
capillary tube was then joined to the capillary plane on the upward end of the tilted plane 
and the entire apparatus was secured with masking tape so that contact between the 
capillary tube and the capillary plane was not interrupted. A photo of the apparatus can be 
seen in Figure 5.3.  
This apparatus was used to make both small-sphere PMMA and large-sphere PS 
films. The PMMA template was made using a 10 wt% suspension of 440±7 nm PMMA 
spheres in water. The PS films used a 20 wt% suspension of either 2.78±0.14 µm or 
4.13±0.48 µm PS spheres. The suspensions were then pipetted into the polycarbonate 
bottles until the liquid level was near the level of the hole. The larger PS spheres were 
mechanically agitated in the polycarbonate bottle using a magnetic stir bar to prevent 
sedimentation.  
5.2.5. Synthesis of Resorcinol/Formaldehyde (RF) Carbon Precursor 
Resorcinol/formaldehyde (RF) precursor was synthesized using an existing literature 
synthesis.102 6.4 g of resorcinol was placed in a scintillation vial. A mass of 0.12 g of 
sodium carbonate catalyst was added. This solid mixture was then added to 9.74 g of 
37% formaldehyde. The resorcinol-formaldehyde mixture was capped and stirred for 20 
min. on a magnetic stir plate. The resulting product was a yellow solution that slowly 
polymerized and became more viscous with time. After several hours, the liquid became 
a hard solid. 
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5.2.6. Synthesis of Tungsten/Molybdenum Precursor 
A 95/5 wt% tungsten/molybdenum precursor was synthesized using a synthesis 
adapted from the literature.216 Molybdenum was added in order to control the grain 
growth of the final structure at high temperatures.114 Volumes of 60 mL of glacial acetic 
acid and 60 mL of hydrogen peroxide were placed in a 350 mL round bottom flask. A stir 
bar was added and the flask was then placed into a magnetically stirred ice bath. Masses 
of 0.25 g of molybdenum powder and 4.75 g of tungsten powder were weighed inside of 
a glove box and placed in separate containers. The molybdenum was added to the stirring 
solvent mixture first. The tungsten powder was then divided into thirds, and each third 
was successively added every 5 min to control the exothermic dissolution of tungsten 
metal. The solution was capped and stirred for 1 day. A water condenser was then added 
to the top of the flask and the solution was then refluxed at 55 °C overnight, creating 
acetylated peroxotungstic acid (APTA). After reflux, the solution was placed in an oil 
bath at 40 °C and attached to a rotary evaporation apparatus. After all solvent had 
evaporated, the remaining yellow solid was re-dissolved in ethanol and evaporated again 
using the same rotary evaporation method in an oil bath at 40 °C to remove any 
remaining acetic acid. The remaining solid was then placed in a glass vial and stored 
under nitrogen atmosphere.  
5.2.7. Synthesis of 3DOM Carbon Films 
Colloidal crystal thin films of either 440 nm PMMA or 2.78 µm PS spheres were 
used to fabricate carbon films. Three 1.5 mm diameter capillary tubes were each bent at 
90° angles at the center using a Bunsen burner flame. The enclosed film was then placed 
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on a 3’’×3’’ polyethylene stage. The tubes were placed perpendicularly against the 
colloidal crystal thin film with the opposite end of the tube arranged vertically. Two of 
the tubes were evenly spaced on one side, while the other was placed on the opposite side 
directly across from one of the other tubes. This allowed for a small open space on one 
side of the film so that air could escape from the enclosed film during infiltration. All of 
the tubes were then secured to the stage using masking tape. RF precursor was carefully 
pipetted into the upturned capillary tubes. The tubes were checked for air bubbles that 
would halt the flow of precursor into the film. If air bubbles were present, the tube was 
emptied and new precursor was pipetted in. After all three tubes were filled with 
precursor, the enclosed film was returned to its position in between the three capillary 
tubes and infiltration was initiated. Due to the increasingly viscous nature of the 
precursor, these steps were done as quickly as possible. The film was then left to infiltrate 
overnight, or until the precursor solution became too viscous to flow. The infiltrated RF 
film remained between the silica slides and was then placed in an oven at 85 °C for 3 
days. The film was then removed from the slides and placed in an alumina combustion 
boat and heated to 900 °C with a ramp rate of 5 °C/min for 1 h under 0.6 L/min flowing 
N2.  
5.2.8. Synthesis of 3DOM Tungsten/Molybdenum Films 
A colloidal crystal thin film of ~4 µm PS spheres, formed using a procedure identical 
to the one described previously for ~2.78 µm spheres, was used for the fabrication of 
tungsten/molybdenum films in order to analyze precursor infiltration without sacrificing a 
well-ordered template. A 3 M solution of 95/5 wt% tungsten-molybdenum precursor with 
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either an 80/20 or 50/50 ratio of water/methanol was made. The colloidal crystal film was 
enclosed by the quartz slides, which were placed on a 3’×3’ polyethylene stage and 
secured with masking tape. A 1.5 mm hole was drilled into the side of a 35 mL 
polyethylene bottle to coincide with the level of the colloidal crystal film opening. The 
film was then infiltrated using the same procedure described in section 5.2.7. The film 
was left to infiltrate for 2 days with a subsequent drying time of 1 day. The cell was 
placed in a tube furnace after the removal of the silica glass spacers. The furnace was set 
at 800 °C at a ramp rate of 5 °C/min and the film was reduced for 1 h under a hydrogen 
atmosphere with a flow rate of 0.5 L/min. After reduction, the cell was removed from the 
furnace and the quartz substrate slides were separated. 
5.2.9. Synthesis of 3DOM Carbon Monoliths 
A suspension of 440 nm PMMA spheres was allowed to sediment in a large 
crystallization dish to form face-centered cubic colloidal crystal templates with mm 
dimensions. The colloidal crystal arrays were infiltrated with a resorcinol/formaldehyde 
(RF) precursor according to reported methods.102 The RF composites were then placed in 
a tube furnace and heated at 5 °C min−1 to 900 °C and held for 2 h under N2. The resulting 
3DOM carbon monoliths were sanded with 600-grit sandpaper to remove any 
untemplated surface carbon and sonicated in water for 15 min and rinsed to remove any 
loose material. 
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5.2.10. Chemical Vapor Deposition of Refractory Metals on 3DOM Carbon Films 
The 3DOM carbon thin films were coated with the desired refractory metal using 
chemical vapor deposition (CVD). A simple batch-CVD setup was used in which the 
carbon sample and the desired metal precursor were loaded into a glass flask, which was 
then evacuated. The CVD chamber was backfilled with nitrogen and evacuated three 
more times to remove any oxygen or water vapor. The chamber was pumped down to the 
desired pressure (typically 20 mtorr) and heated to the desired temperature. The precursor 
vapor pressure rose, and the precursor vapor decomposed on the hot carbon substrate, 
coating it with the metal layer. The precursors used for tungsten, molybdenum, and 
tantalum were tungsten hexacarbonyl, molybdenum hexacarbonyl, and tantalum(V) 
chloride, respectively. The temperature used for the metal depositions was in the range 
from 350–400 °C for tungsten and molybdenum and 450–500 °C for tantalum CVD . 
This resulted in a thermally stable metallic photonic crystal, which extended over cm2-
areas with defect-free regions ranging over hundreds of micrometers. Excess metal in the 
case of thick coatings was removed using SF6 reactive ion etching (20 mtorr, 50 W platen 
power). 
5.2.11. Chemical Vapor Deposition of Tungsten on Monolithic 3DOM Carbon 
The 3DOM carbon monoliths were coated with refractory metals using a bench-top 
CVD apparatus that consisted of a one-neck vacuum flask containing a metal mesh stage. 
Pieces of 3DOM carbon weighing 50 mg with approximate dimensions of 5 mm × 5 
mm × 2 mm were used as substrates. A sample of 3DOM carbon was positioned on the 
stage and metal precursor was placed underneath (typically 0.6 g W(CO)6 for tungsten 
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deposition). The system was then evacuated and flushed with nitrogen three times. The 
evacuated flask ( 20 mtorr) was lowered into a sand bath at 400 °C for 20 min. After 
cooling, the flask was opened to the atmosphere and the sample was recovered and 
weighed. Samples were prepared with differing amounts of W(CO)6 per CVD run. CVD 
of tungsten on 3DOM carbon monoliths was performed using two different deposition 
schedules. Sample 3DOM C/W1 was prepared with a total of 0.6 g W(CO)6 spread out 
over six different depositions of 0.1 g each. Sample 3DOM C/W2 was also synthesized 
using 0.6 g W(CO)6, but over two runs of 0.3 g W(CO)6 each. The mass of sample 3DOM 
C/W1 increased from 48.2 to 55.2 mg after deposition and that of sample 3DOM C/W2 
from 48.7 to 55.4 mg.  
5.2.12. Deposition of Hafnia Interlayer 
To improve the adhesion of metal coatings on the carbon scaffolds, these were coated 
with hafnium oxide (melting point 2758 °C) using atomic layer deposition (ALD). The 
ALD coatings were prepared using a Savannah ALD system from Cambridge Nanotech, 
employing alternate cycles of tetrakis(ethylmethylamino)hafnium(IV) and water at 150 
°C (15 cycles, 1 min/cycle).  
5.2.13. Thermal Stability Test of 3DOM Materials 
To evaluate the thermal stability of the tungsten composite samples, they were heated 
using a sealed heating stage attached to a turbo-pump. The stage was first evacuated to a 
pressure of 10−6 torr and then heated at 5 °C min−1 to 1000 °C. The samples were held at 
1000 °C for 1 h, then allowed to cool to room temperature. The thermal stability was then 
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analyzed by imaging the samples using scanning electron microscopy and by X-ray 
diffraction measurements to characterize grain growth. One monolithic sample, 3DOM C 
coated with a hafnia interlayer and a tungsten layer (3DOM C/W2H), was heated at 1000 
°C for another 5 h after sample characterization following the first 1 h heat treatment. 
5.2.14. Characterization 
Scanning electron microscope images were obtained using a JEOL field emission gun 
SEM. Samples were mounted onto sample stubs with conductive carbon tape. Lower 
accelerating voltages were used on polymer samples in order to prevent charging. The 
polymer samples were also coated with a 50 Å thick layer of platinum to improve its 
conductivity and further prevent charging. Feature sizes were obtained using SEM 
images in ImageJ software. 
5.3. Results and Discussion 
5.3.1. Synthesis of Poly(styrene) (PS) Colloidal Crystals 
Two PS sphere suspensions were synthesized and then analyzed by SEM for size and 
dispersity. One synthesis was performed using 200 mL of ethanol while the other used 
only 50 mL. For the synthesis using 200 mL of ethanol, the sphere size was measured by 
optical microscopy as 2.78±0.14 µm. Aliquots of this suspension dropped onto optical 
microscope slides exhibited good self-assembly characteristics (Figure 5.1). There was no 
observable aggregation and spheres were observed to quickly flow and self-assemble 
upon drying.  
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Figure 5.1. Optical microscope image of 2.78 um PS spheres after self-assembly. 
While the sphere synthesis using 200 mL of ethanol resulted in relatively 
monodisperse sizes, it was thought that larger sphere may be needed for future 
experiments that would require a stop band position farther into the IR region. A separate 
synthesis using only 50 mL of ethanol was performed in order to increase particle size. 
This synthesis resulted in a polydisperse size range of 4.13±0.48 µm (Figure 5.2). While 
these spheres were not useful for fabricating metallic photonic crystals with good 
photonic properties, they were utilized for the testing of colloidal crystal thin film growth 
and precursor infiltration techniques described throughout this chapter. 
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Figure 5.2. SEM image of 4.13±0.48 µm PS. 
5.3.2. Self-Assembly of Large Colloidal Spheres 
In order to obtain high-quality photonic crystals, it is necessary to create large 
crystalline domains of periodic features in order to maximize coherent scattering from the 
photonic crystal surfaces. In order for a 3DOM material to contain well-ordered domains, 
the template used for its synthesis must be well ordered. The ability of colloidal spheres 
to self-assemble into fcc crystals with large domains is dictated by several factors such as 
charge, size dispersity, and diameter.  
The charge of the colloidal spheres involved in this chapter originates from the AIBN 
or KPS initiator groups on the polymer spheres. These electrostatic charges must be 
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sufficiently large in order to produce long-range repulsions between individual spheres to 
prevent aggregation but small enough to allow for self-assembly upon volume restriction.  
The dispersity of sphere size also plays a large role in the quality of the template. In 
order to form a perfect fcc array, all spheres must be relatively monodisperse. When 
spheres that deviate from ideal size are present in the array, structural defects arise that 
reduce the crystallinity of the material.217 In order to form colloidal crystals with a high 
degree of order, it is necessary for the dispersity in sphere sizes within a given suspension 
to be as low as possible.218 
The greatest hurdle toward the self-assembly of colloidal spheres in this study is 
sphere size. The effects of sphere size on the sedimentation time and, consequently, the 
self-assembly of large spheres in the micrometer size range can be observed by 
considering the equation for the sedimentation velocity of colloidal spheres in Chapter 1 
(Equation 1.1). If this equation is used to approximate the sedimentation velocity of two 
particles of different size, it provides a useful insight into how size can affect self-
assembly. Performing a calculation for a PMMA sphere of 450 nm and a PS sphere of 4 
µm results in values of 0.28 mm/h and 7.01 mm/h, respectively, for sedimentation 
velocity. In order for colloidal spheres to properly self-assembly, sufficient time must be 
given in order for the particles to travel and find the lowest-energy conformation. In the 
case of large colloidal spheres, sedimentation occurs faster than the time it takes to 
properly crystallize.  
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5.3.3. Assembly of Colloidal Crystal Films 
One technique that can produce colloidal crystal films while also assisting the 
ordering of large spheres is the capillary cell technique described in this study (Figure 
5.3). The cell was based on a design from Li et al.219 
 
Figure 5.3. Photo of the thin film apparatus used in this study. The capillary tube carries a colloidal 
suspension from the reservoir bottle and into the capillary plane created by two microscope slides. 
 
In this setup, the colloidal spheres preferentially deposit onto the downward sloping 
end of the cell as well as at the open sides of the capillary plane where evaporation 
occurs. This method of deposition relies less on the force of gravity because solvent flow 
brings free spheres to the edge of the plane where they are forced to assemble into 
ordered array, rather than rely on the spheres to self-assemble. Norris et al. proposed that 
these forces assist in the self-assembly of colloidal spheres in vertical deposition 
techniques and are also likely to be important in other cases where solvent flow through a 
colloidal crystal is present.42 According to this theory, as the solvent flows outward due 
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to constant evaporation, the colloidal spheres within the thin-film flow cell devised here 
self-assemble at the solvent/air interface similar to colloidal spheres during vertical 
deposition processes described by Norris et al. As spheres start to partially block the open 
sides, the solvent is forced to flow through the open niches surrounding the spheres. The 
solvent carries free spheres with it into to these open niches and deposits them directly 
into the open spaces. As long as solvent continues to flow in the outward direction, 
monodisperse spheres should continue to assemble into fcc arrays (Figure 5.4).  
                                
Figure 5.4. Figure depicting the location of niches that allow solvent to flow through and facilitate ordered 
deposition of colloidal spheres. Reproduced from Norris et al.42 
 
In order to test the horizontal flow-cell device, smaller 450 nm spheres were initially 
used in order to gauge the effectiveness of this technique on the ordering of spheres that 
would otherwise naturally self-assemble through sedimentation. As free spheres entered 
the capillary plane from the reservoir, they preferentially deposited around the edges of 
the plane (Figure 5.5). Over time, the region of deposited spheres spread toward the 
center of the film and eventually formed a completed film over the course of ~72 h.  
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Figure 5.5. Timed photos of sphere filling of capillary cells after (A) 0 h, (B) 24 h, (C) 48 h, and (D) 72 h. 
In the top-right the film is noticeably darker due to a low concentration of spheres inside the cell. As time is 
elapsed, the film becomes more and more infiltrated with spheres and takes on a lighter color where the 
spheres are depositing. 
 The 450 nm colloidal crystal film formed during this process was highly opalescent 
(Figure 5.6). This indicated that there was a high degree of structural order within the 
template. Attempted removal of the film resulted in the breakup of the film into sub-
millimeter flakes. Subsequent SEM images of the flakes confirmed the crystalline order 
of the PMMA template. The film exhibited large crystalline domains with dimensions in 
the tens of micrometers (Figure 5.7). The successful synthesis of a well-ordered colloidal 
crystal template using this technique indicated that a similarly well-ordered template may 
be possible using larger colloidal spheres. 
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Figure 5.6. Photo of a PMMA colloidal crystal thin film showing opalescence. The opalescence of the film 
indicates a high degree of order in the structure. 
 
 
Figure 5.7. SEM images of a PMMA colloidal crystal thin film. Large crystalline domains can be observed 
in the image on the right. 
 
A colloidal crystal film of 2.78 µm spheres was then synthesized using the same 
procedure described above. The growth of the film proceeded identically to the growth 
observed with smaller PMMA spheres. After drying, the film exhibited no colorful 
opalescence, possibly due to the primary stop band lying outside of the visible range. 
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When separated from the substrate, the film adhered to the glass and was not easily 
removed without damaging the template. SEM images of the PS film scraped from the 
substrate showed a random array of spheres with no obvious order (Figure 5.8). It was 
not believed that this was typical of the order of the large-sphere PS films because 
analysis of the spheres with optical microscopy showed that the spheres have a 
propensity to self-assemble in an evaporating confined drop (Figure 5.1), similar to 
conditions that were believed to be present during capillary flow cell self-assembly. 
 
Figure 5.8. SEM image of 2.78 µm spheres PS spheres after flow-cell assembly. 
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5.3.4. Synthesis of 3DOM Carbon Films 
In order to confirm that the large PS spheres underwent ordered self-assembly using 
the capillary flow cell technique, both the PMMA and PS templates were infiltrated with 
a resorcinol/formaldehyde (RF) precursor to 3DOM carbon while remaining confined 
within the capillary cell. The creation of an inverse opal film would aid in the observation 
of the template order by locking in the template structure in inverse form. These films 
were infiltrated using loaded capillary tubes that were abutted to the template film and 
allowed to dispense their precursor contents into the film by capillary action.  
After infiltration with RF precursor, the colloidal crystal templates appeared yellow in 
color, indicating that the precursor had been fully absorbed by the template. After 3 days 
in an oven at 85°C, the color became brownish red due to extensive cross-linking of the 
RF polymer network between the template spheres. When the substrate slides were 
removed, a solid film of RF-infiltrated template was obtained for the large-sphere PS 
template while several smaller pieces were obtained for the small-sphere PMMA 
template (Figure 5.9). The films were semi-transparent and flexible. After pyrolysis, the 
small-sphere carbon films broke into numerous small pieces of ~1 mm dimension. The 
large-sphere templated 3DOM carbon appeared black with an undulating surface caused 
by uneven shrinkage during pyrolysis as well as the softening of the RF polymer film at 
high temperatures before carbonization (Figure 5.9b). This 3DOM film did not exhibit 
opalescence as its projected stop band would not fall within the visible range and 
subsequent diffraction peaks from other crystal planes would be too weak to be observed 
above the high absorbance of the material.  
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Figure 5.9. (A) RF infiltrated templates of 440 nm PMMA spheres. Opalescence was observed on the film 
surface. (B) Thermally processed 3DOM carbon film synthesized from a 2.78 µm sphere template. This 
film exhibited no opalescence. 
 
The bottom surfaces of both films appeared smooth and unbroken while the top 
surfaces of the films contained areas of roughness that were visible to the eye. The PS 
templated film was measured to be 140 µm thick. It was mechanically stable and could 
be handled gently without breaking. Both carbon surfaces of the PS film exhibited a 
peculiar visual effect that is akin to the “oil slick effect” of hydrocarbon layers on water 
(Figure 5.10). This feature is likely caused by an untemplated surface layer of carbon 
creating an interference effect similar to a layer of oil on water. 
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Figure 5.10. Photo of a 3DOM carbon thin film templated using large PS spheres. (A) Bottom side of the 
film showing a smooth surface. (B) Top of 3DOM film showing a rough surface on a portion of the film. 
Both sides were observed to exhibit an “oil-slick” coloration effect. 
 
SEM images of both 3DOM carbon thin films were obtained. The PMMA-templated 
film, as expected due to its vivid opalescence, appeared to have large crystalline domains, 
confirming the previously observed crystallinity of the template (Figure 5.11). The SEM 
analysis (not shown) also revealed a surface layer on the film that arises due to extra void 
space between the substrate and the template spheres during infiltration. SEM images of 
the PS-templated film show that the bottom of the film has a surface layer of untemplated 
carbon similar to that observed on the PMMA-templated 3DOM carbon. The PS-
templated 3DOM carbon film appears well ordered on both the top and bottom surface, 
indicating that the PS template was similarly well-ordered. The film also included 
rounded features observed on the top of the film in Figure 5.12b and c. These features are 
most likely due to pockets of air trapped during infiltration of the precursor into the 
colloidal template. The precursor was then templated around these features. An SEM 
image was also obtained showing a cross-section of the 3DOM film (Figure 5.12c). This 
image shows evidence of order throughout the center of the film. Subsequent 3DOM 
carbon thin films made using this same method were also found to be well ordered with 
the same surface features. 
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Figure 5.11. SEM images of 3DOM carbon films synthesized using a template of 440 nm PMMA spheres. 
Excellent pore order is observed for these 3DOM films. 
 
Figure 5.12. SEM images of (A) the bottom and (B) top surfaces of a 3DOM carbon thin film synthesized 
using a 2.78 µm sphere template. Both surfaces exhibit a layer of untemplated carbon. Air pockets are 
visible on the top surface, which were formed during the precursor infiltration step. (C) A cross-section of 
the film. 
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5.3.5. Synthesis of 3DOM Tungsten/Molybdenum Films 
In order to create thermally stable 3DOM metallic photonic crystals with good 
structural order, it is necessary to consider more than simply the order of the sacrificial 
template. A highly regular structure is also dependent on the quality of precursor 
infiltration. The precursor must be able to infiltrate the template material well, fully-
filling the interstitial spaces before thermal processing. Inconsistencies in infiltration lead 
to disassembly of structural features as well as differences in 3DOM wall thickness. 
These inconsistencies result in diminished photonic characteristics due to the absence of 
regular periodic features. 
Different precursor materials often have different interactions with sphere surfaces 
during infiltration. For example, liquid infiltration commonly creates a volume-templated 
material. Volume templating occurs when the interactions between the precursor 
constituents are stronger than the interactions between the precursor and the sphere walls. 
This leads to the precursor material favoring the interstitial spaces and not the sphere 
surfaces. It results in larger openings between adjacent pores in the 3DOM structure at 
the points where template spheres touch.75  
Vapor phase infiltration of tungsten into a 3DOM structure has also been 
accomplished in previous studies.114, 220 However, vapor-phase infiltration commonly 
results in a different infiltration pattern due to its deposition and growth occurring at a 
substrate surface. This is referred to as surface-templating. Surface-templated materials 
undergo a more complete coating on the template sphere surface due to stronger 
interactions with the template material. This high degree of coating produces a more 
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“closed off” structure with smaller windows.75 A comparison of surface and volume 
templated structures can be found in Figure 5.13. 
 
Figure 5.13. Complete 3DOM structures made from a surface-templating precursor (left) and a 
volume-templating precursor (right). The window sizes are affected due to different surface 
interactions. Figure reproduced from Stein et al.40 
 
For photonic crystal modified thermal emission devices, it is beneficial to have an 
open structure that permits photons to interact with multiple diffraction layers.77 
Therefore, vapor deposition of refractory metals is not ideal in this case. Instead, a liquid 
tungsten/molybdenum precursor was synthesized and infiltrated into a template film 
consisting of polydisperse ~4 µm spheres. Polydisperse, large sphere templates were used 
in early experiments in order to observe how the infiltration of these large-sphere films 
proceeded without sacrificing well-ordered templates, which were time-intensive to 
grow. 
Two separate infiltrations were performed using the APTA precursor dissolved in 
different ratios of solvent, either 80/20 wt% or 50/50 wt% water/methanol. A greater 
amount of methanol was used in the latter mixture in order to increase the rate of 
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evaporation and to potentially lower the surface energy of the infiltrating liquid and 
facilitate easier filling of the interstitial spaces around the sphere template. 
The films were infiltrated with APTA and thermally processed within the quartz 
slides that containing the template film. After pyrolysis under H2, the final products 
appeared grey in color but consisted of a fine powder with no large pieces of 3DOM film 
present. SEM analysis (Figure 5.14) of the 80/20 film showed no significant structural 
order and evidence of varying degrees of initial infiltration, as evidenced by structural 
disassembly of the 3DOM material (Figure 5.14b). 
 
Figure 5.14. SEM images of two different domains of the 80/20 3DOM tungsten-molybdenum film. 
Images show evidence of (A) incomplete filling and (B) structural disassembly of the 3DOM material. 
 
The second film, infiltrated with APTA dissolved in 50/50 wt% water/methanol, 
exhibited a much greater degree of infiltration as observed by SEM analysis (Figure 
5.15). Ordered, templated areas were visible in certain domains of the film (Figure 
5.15a). Other areas showed inconsistent infiltration but still maintained a continuous 
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structure (Figure 5.15b). For this film, evidence of a surface layer similar to the surface 
layers observed for 3DOM carbon films could also be seen.  
 
Figure 5.15. SEM images of thin film 3DOM W/Mo. Images show regions of (A) well-ordered pores and 
separate regions that exhibited (B) incomplete structural filling. 
 
It was believed that with many more subsequent infiltrations of precursor material or 
by fine-tuning of precursor solvents, a complete film could be obtained. However, 
parallel studies began to show that the films would likely not be thermally stable after 
heating to high temperatures.114 Based on those results, a new pathway was investigated 
involving more thermally stable 3DOM structures. 
5.3.6. Chemical Vapor Deposition of Refractory Metals on 3DOM Carbon Films 
While difficulties were previously encountered in forming complete structures using 
liquid precursors, vapor-phase methods were equally as undesirable due to their tendency 
to surface-template. Additionally, structures made solely of metallic constituents were 
found to be sensitive to thermal degradation of the photonic structure even after 
doping.114 Therefore, a more thermally stable material was needed in order to achieve 
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functional structures with long thermal lifetimes. Previous studies on 3DOM carbon 
found that the structure was stable up to at least 2200 °C in argon.104 In order to achieve a 
thermally stable structure that also possesses regular periodic features, a metallic 
photonic crystal was created using a thermally stable 3DOM carbon scaffold as a 
substrate for the vapor-phase deposition of tungsten and other refractory metals. 
To synthesize the 3DOM carbon scaffolds, self-assembled opal thin films were 
prepared using two different synthesis techniques. One of the techniques involved 
convective self-assembly of polymer opals28 on glass or silicon substrates, followed by 
infiltration with a resorcinol-formaldehyde (RF) carbon precursor. The patterned 
precursor, along with the opal layer, was then peeled off the substrate and heated in 
nitrogen to convert it into glassy carbon.102 One side of the carbon inverse opal, which 
was in contact with the substrate possessed a thin surface layer described previously, but 
could be easily modified by treatment in oxygen plasma to achieve the desired top 
surface. This method produced periodically ordered carbon structures with open windows 
connecting neighboring macropores, as shown in Figure 5.16a. The modified side (after 
coating the metal) (Figure 5.16b) would be used to couple the modified thermal emission 
into far field radiation, which can be subsequently converted into electricity using an 
infrared photocell. 
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Figure 5.16. (A) 3DOM carbon substrate prepared using monodisperse PMMA spheres as a template, 
followed by oxygen plasma to tailor the surface termination and fill fraction. (B) Top side of a self-
assembled, tungsten-coated metallic photonic crystal fabricated using convective self-assembly on glass. 
(C) Top side of a self-assembled, tungsten-coated metallic photonic crystal fabricated using self-assembly 
in confinement between two parallel glass slides. (d) High-resolution image of the bottom side of the same 
sample. 
 
To achieve a uniform, stable metal coating, the thin film carbon scaffolds were first 
conformally coated with hafnia (melting point 2758 °C) using atomic layer deposition 
(ALD). As demonstrated below, this adhesion-promoting layer prevents delamination of 
metal coatings from the carbon scaffold upon heat treatment. CVD with W(CO)6 
produced ca. 50–100 nm thick tungsten coatings, which were sufficiently thick to exceed 
the skin depth for light penetration into tungsten203 while maintaining an open structure 
(Figure 5.16b). Thus, these composite structures are expected to absorb/emit light like 
pure tungsten inverse opals. An XRD pattern of the composite film (Figure 5.17) showed 
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only peaks for face-centered cubic (fcc) tungsten, the expected phase at the deposition 
temperature used here, and a broad peak from the glassy carbon scaffold.203 Because the 
hafnia interlayers were much thinner (estimated to be ca. 1–1.5 nm based on the number 
of deposition cycles221-222 than the tungsten coatings, no hafnia peaks were observed in 
the XRD pattern. 
 
Figure 5.17.  XRD pattern of a tungsten-coated 3DOM carbon film. Peaks originating from fcc tungsten 
are labeled. The broad peak around 40º 2θ originated from the carbon scaffold. 
 
The second synthesis route for obtaining thin film samples involved growing opal 
templates in confinement between two parallel glass slides (as discussed in previous 
sections) followed by identical 3DOM carbon fabrication, oxygen plasma treatment, and 
metal coating steps. In these inverse opal sheets, both surfaces could be precisely tailored 
by oxygen plasma treatment as would be necessary for optimal coupling to radiation in 
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the far field (Figure 5.16c,d).154 These procedures produced metallic photonic crytstals 
that extended over large areas (a few cm2) and were relatively defect-free over regions 
extending at least a few hundred micrometres (Figure 5.18). 
 
Figure 5.18. Large-area, relatively defect-free metallic photonic crystal film consisting of tungsten-coated 
3DOM carbon using template formed between parallel plates. 
 
An important consideration for tailoring the thermal emission from nanostructured 
metals is the choice of metal. The thermal stability of these metallic photonic crystals is 
limited mainly by the adhesion of the metal coating on carbon. In addition to tungsten 
(Figure 5.16, 5.19c), we coated 3DOM carbon films with the refractory metals 
molybdenum (Figure. 5.19a, b) and tantalum (Figure 5.19d). In all of these cases, hafnia 
interlayers were applied to improve the adhesion of the metal layer on the carbon support 
and, in the case of tantalum, to prevent the tantalum pentachloride precursor from etching 
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the carbon scaffold. As shown in the SEM images in Figure 5.19a-d, open pore structures 
with smooth surfaces were maintained in all cases.  
 
Figure 5.19. SEM images of 3DOM carbon coated with (a) a thin layer of molybdenum, (b) a thicker 
molybdenum layer, (c) tungsten, and (d) tantalum. (e) The composite tungsten nanostructure was heated in 
high vacuum (10−6 torr) at 1000 °C without any visible degradation of the metallic photonic crystal. (f) 
High-resolution scan of the same sample showing excellent 3D fidelity after heat treatment. Although the 
grain sizes of the deposited metal films increase, the thermally stable carbon scaffold maintains the overall 
3D nanostructure. 
 
5.3.7. Chemical Vapor Deposition of Tungsten on 3DOM Carbon 
To test the limits of refractory metal penetration within porous carbon supports by 
CVD methods, monolithic 3DOM carbon substrates with external dimensions of several 
mm in each direction were also evaluated. In this case, multiple CVD steps were needed 
to penetrate deeper into the 3DOM carbon monolith. The monoliths used for the 
penetration depth-probing experiments were not coated with a hafnia interlayer in order 
to maintain a consistent substrate surface, because hafnia was found to penetrate only to a 
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depth of ca. 8–9 μm into these samples when applied by ALD (Figure 5.20), using the 
same conditions as for the 3DOM thin films. After CVD was complete, the samples 
retained the opalescence that was seen in the original 3DOM carbon scaffold. 
 
Figure 5.20. SEM cross-section of a 3DOM carbon monolith with a coating of hafnium oxide. The oxide 
can be seen as a bright layer against the darker carbon background. 
 
In contrast to the uniform coatings of refractory metals observed for the thin film 
nanocomposite metallic photonic crystals, 3DOM carbon monoliths showed significant 
variation in tungsten thickness with depth. In an attempt to improve the extent of tungsten 
penetration and homogeneity throughout the 3DOM carbon monolith, samples were 
prepared with different amounts of W(CO)6 precursor material per CVD run, but with a 
fixed total amount of W(CO)6 over all runs. Sample 3DOM C/W1 was prepared with a 
total of 0.6 g W(CO)6 spread out over six different depositions of 0.1 g each, sample 
3DOM C/W2 with two runs of 0.3 g W(CO)6 each. These conditions were chosen based 
 177 
 
on the premise that using smaller amounts of  precursor over multiple runs would prevent 
tungsten from building up near the surface of the material and blocking the pores. The 
mass increase was nearly identical for both deposition procedures (ca. 14 wt%). 
SEM imaging combined with EDS analysis of a tungsten-coated 3DOM carbon 
monolith revealed the extent to which tungsten was deposited on the 3DOM carbon 
scaffold (Figure 5.21). While EDS signals corresponding to tungsten are numerous, the 
signals are not uniform throughout the monolith. The EDS map of a cross-section of the 
monolith shows the greatest signal intensity for tungsten near the edges of the monolith 
with near-zero signal in the middle, while the inverse is true for the carbon signal. The 
relatively low oxygen signal in tungsten-rich areas indicates a low amount of undesirable 
WO3. The X-ray diffraction pattern of the tungsten-coated 3DOM carbon monoliths 
(Figure 5.22) shows relatively weak, broad peaks corresponding to the expected low-
temperature tungsten phase with fcc structure, as well as a peak for amorphous carbon. 
The low signal intensity is consistent with a relatively low tungsten content in the 
composite sample (ca. 14 wt%). 
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Figure 5.21.  EDS maps of a cross-section of 3DOM carbon after CVD of tungsten. The maps include 
signals for carbon (top left), oxygen (top right), tungsten (bottom left), and a gray-scale image (bottom 
right). The tungsten signal shows preferential deposition near the surface of the monolith. 
 
 
Figure 5.22. XRD pattern of fcc tungsten coated onto 3DOM carbon monolith 
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SEM analysis of a cross-section of both 3DOM C/W1 (Figure 5.23) and C/W2 
(Figure 5.24) confirmed the presence of a gradient in deposition thickness. The tungsten 
layer was observed as a grainy surface on smooth 3DOM carbon. The thickness of the 
deposited tungsten was greatest near the surface of the monolith, gradually diminishing 
until the presence of tungsten became indistinguishable from the surrounding carbon 
though SEM analysis. The thickness of the deposit can also be estimated from the size of 
the windows that connect adjacent macropores. As shown in Table 5.1, window sizes 
consistently increased with increasing sample depth, corresponding to thinner surface 
coatings. After a depth of ca. 20 μm, the window sizes remained constant for both 
samples. 
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Figure 5.23. SEM images of the cross-section of sample 3DOM C/W1 (no hafnia interlayer). Clockwise 
from top left: images at depths of 1 μm, 9 μm, 20 μm, 40 μm, and 83 μm. The bottom left image is an 
overview showing the respective position of the other images with the surface 
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Figure 5.24.  SEM images of the cross section of sample 3DOM C/W2 (without a hafnia interlayer). 
Clockwise from top-left: images at depths of 0 µm, 1 µm, 8 µm, 43 µm, and 97 µm. The bottom-left image 
is an overview showing the respective position of the other images with the surface of the material 
appearing in the top-left of the image. 
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Table 5.1. Window sizes of samples 3DOM C/W1 and 3DOM C/W2 as functions of depth in the 
3DOM C monolith. Window size measurements are based on the SEM images in Figure 5.23 and 
Figure 5.24. 
Sample 3DOM C/W1 Sample 3DOM C/W2 
Depth (µm) Window Size (nm) Depth (µm) Window Size (nm) 
1 67 ± 11 0 30 ± 9 
9 99 ± 11 1 84 ± 13 
20 119 ± 10 8 110 ± 11 
40 119 ± 10 43 130 ± 15 
83 126 ± 10 97 128 ± 11 
 
For the 3DOM C/W2 sample, a difference in the texture of the deposit was noted. 
Sample 3DOM C/W1 exhibited a larger amount of coarse tungsten near the surface with 
coarseness diminishing with depth, whereas sample 3DOM C/W2 showed a much 
smoother profile throughout. This different behavior suggests that increasing the number 
of deposition steps increases the surface roughness throughout the structure as already-
deposited tungsten grains undergo multiple growth steps with each successive run. Under 
the conditions tested in this study, tungsten penetration remained limited to a few tens of 
micrometers. Since this depth includes several tens of pore layers, this would, in 
principle, be sufficient for photonic effects. 
5.3.8. Investigation of Thermal Degradation in 3DOM Materials 
All of the refractory metals employed in this study have extremely low vapor 
pressures and low surface diffusivities at the temperatures of interest for TPV and 
lighting applications. Therefore these metallic photonic crystals should demonstrate 
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higher thermal stability than pure metallic nanostructures. Indeed, on heating the 3DOM 
carbon/tungsten film structure (with a hafnia interlayer) in Figure 5.19c at 1000 °C for 30 
min, no change in structure of the sample was observed (Figure 5.19e). A high-resolution 
SEM image also revealed no significant change in the fidelity of the nanostructure or the 
coating stability (Figure 5. 19f). Similar thermal treatment of 3DOM tungsten without a 
3DOM carbon scaffold showed significant grain coarsening under these conditions, 
which was detrimental to the 3D nanostructures unless they were stabilized by alloy 
formation.114, 223 Therefore, it was concluded that these composite carbon–metal modified 
inverse opal structures have better thermal stability than similar reported metallic 
photonic crystals.154 
However, the hafnia interlayer is critical to maintain this thermal stability, as the 
following experiments illustrate. Monoliths of 3DOM C/W1 and 3DOM C/W2 without a 
hafnia interlayer were heated under high vacuum (10−6 torr) at 5 °C min−1 to 1000 °C and 
held at that temperature for 1 h to assess their thermal stability. After heating, both 
samples retained their macropore structure and still exhibited a high degree of 
opalescence. However, SEM images of cross-sections of the heated samples showed 
extensive coalescence of the deposited tungsten into larger, droplet-like grains (Figures 
5.25 and 5.26). In addition, the sizes of windows between adjacent pores were larger than 
before heating, being nearly constant with sample depth after tungsten had coalesced at 
positions away from the window edges (Table 5.2). Overall, the quality of the tungsten 
coating deteriorated after heat treatment in samples lacking a hafnia interlayer. 
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Figure 5.25. SEM images of sample 3DOM C/W1 (without a hafnia interlayer) after vacuum-thermal 
treatment at 1000 °C for 1 h. Clockwise from top left: images at depths of 1 µm, 8.5 µm, 20 µm, 40 µm, 
and 83 µm. The bottom-left image is an overview showing the respective position of the other images with 
the surface of the material appearing in the top-right of the image. 
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Figure 5.26. SEM images of sample 3DOM C/W2 (without a hafnia interlayer) after thermal treatment. 
Clockwise from top left: images at depths of 0 µm, 1 µm, 23 µm, and 46 µm. The bottom left is an 
overview showing the respective position of the other images with the surface of the material appearing on 
the left of the image. The images at depths of 23 and 46 µm (right corner) show no penetration of tungsten 
CVD layer (smooth 3DOM C scaffold). This indicates while using more metal precursor per deposition 
results in smoother metal coating, it leads to blocking of scaffold windows with metal deposition, and 
hence thinner metal deposition deeper into the sample. 
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Table 5.2. Variation in window sizes of samples 3DOM C/W1 and 3DOM C/W2, without a hafnia 
interlayer, after thermal treatment as a function of depth in the 3DOM C structure. 
Sample 3DOM C/W1 Sample 3DOM C/W2 
Depth (µm) Window 
Size (nm) 
Depth (µm) Window 
Size (nm) 
1 142 ± 10 0 129 ± 8 
9 140 ± 14 1 142 ± 13 
20 133 ± 13 23 136 ± 15 
40 138 ± 10 46 135 ± 11 
83 141 ± 11 
  
 
When 3DOM C monoliths were coated with hafnia by ALD (3DOM C/W2H) using 
the same deposition conditions as for the thin film 3DOM C substrates, the hafnia layer 
penetrated the monoliths only to a depth of ca. 8–9 μm (Figure 5.20) As discussed above, 
tungsten coatings penetrated a little further into the monolith. As a result, the partial 
coating with hafnia provided an opportunity to observe the effect of hafnia on tungsten 
layer stability within the same sample. Figure 5.27 shows SEM images of a sample 
heated under vacuum at 1000 °C for 1 h, focusing on a region without a hafnia interlayer 
(Figure 5.27a), the interlayer border (Figure 5.27b), and a region with the hafnia 
interlayer (Figure 5.27c). Whereas the hafnia-free region shows the same pattern of 
tungsten agglomeration as described above, tungsten on the hafnia coating remained 
stable after heat treatment. The border region shows the transition from a smooth 
tungsten coating to agglomerates.  
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Figure 5.27 SEM images of a cross-section of a 3DOM C/W2H monolith with a partial hafnia interlayer 
after vacuum thermal treatment at 1000 °C for 1 h. (A) A region deeper in the monolith and not coated with 
hafnia. The white spots correspond to tungsten agglomerates. (B) A region showing the border for hafnia 
deposition. The area on the right was closer to the external surface of the monolith and had a hafnia 
coating. A smooth tungsten layer was maintained in this region after heat treatment. The hafnia coating did 
not extend to the region on the left. As a result, tungsten agglomerated in this region during thermal 
treatment. (C) A region closer to the external surface of the monolith which had been coated with hafnia 
and with tungsten. A smooth tungsten coating was maintained after thermal treatment. 
 
Thus, the hafnia interlayer indeed served as a good adhesion promoter and prevented 
metal agglomeration successfully in thin films and in areas of 3DOM monoliths that 
could be covered by this layer. Similar observations were made after the 3DOM C/W2H 
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monolith was heated to 1000 °C for an additional 5 h: the monolith remained intact on 
the bulk scale and maintained a relatively smooth tungsten coating in regions coated with 
a hafnia interlayer (Figure 5.28), but not in regions lacking the hafnia interlayer. 
Although the observed penetration depth in the 3DOM carbon monoliths was not 
sufficient for forming a conformal hafnia adhesion layer throughout entire monoliths, thin 
films were well coated using this method. Moreover, several ALD processing parameters, 
like partial pressures of the gases, the evacuation time, and the final vapor pressure 
between sequential runs, can be optimized to increase the depth of penetration. But since 
light penetration in the nanocomposite metal structures is less than the coating depth, no 
further optimization was carried out. Therefore, the thermal stability of these 
nanocomposite materials is mainly limited by the adhesion of metal on the carbon 
scaffold, which is improved here by the use of a thermally stable hafnia interlayer. 
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Figure 5.28. SEM images showing the texture gradient across the 3DOM C/W2H monolith which had been 
heated in vacuum at 1000 °C for 1 h and later for an additional 5 h. (A) Region near the center of the 
monolith, which had not been coated with hafnia or tungsten. (B-E) Regions with increasing amounts of 
tungsten. No hafnia interlayer was present in (B) and little in (C). Image (D) shows a region where the 
boundary for hafnia penetration becomes apparent from differences in brightness (increased charging 
where the hafnia layer insulates tungsten from carbon). Image (E) shows a surface layer. (F) Expanded 
view near the hafnia boundary in (D). 
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5.4. Conclusions 
Photonic crystal materials with photonic band gaps in the IR range are of interest as 
thermophotovoltaics emitters. In order to achieve a materials with a band gap in this 
region, periodic features with micrometer spacing are needed. Towards this end, a 
method of improving the self-assembly of microspheres through a convection process 
between parallel plates was devised. This assembly method permitted the formation of 
colloidal crystal films with large, ordered regions. These films could then be infiltrated 
with various liquid precursors in order to form 3DOM structures with large pore 
diameters.  
The fabrication of thermally stable metallic photonic crystals by CVD of refractory 
metals like tungsten, molybdenum, and tantalum on porous carbon scaffolds with a 
photonic crystal structure was demonstrated. These metallic photonic crystals were 
patterned in a modified inverse opal geometry that has been deemed suitable to tailor the 
thermal emission at different wavelengths. The thermal stability of the structures was 
enhanced by using the 3DOM carbon scaffold in combination with a thin hafnia 
interlayer as an adhesion promoter. The nanocomposites were mechanically much more 
robust than single-phase three-dimensionally patterned tungsten materials and could 
therefore be easily handled. The deposition procedure permits the formation of uniform 
refractory metal coatings throughout thin 3DOM carbon films over cm2 areas and 
throughout the external regions in monolithic 3DOM carbon pieces, deep enough into the 
structure to expect modification of thermal emission. The smoothness of the surface layer 
 191 
 
depends on the CVD schedule, more deposition steps leading to an increase in the visible 
surface roughness of the material. 
The methods outlined here permit the design of three-dimensionally patterned metal 
nanostructures with a carbon core that enhances thermal and mechanical stability of the 
nanostructured metal, and a metallic surface that is thicker than the skin depth for light 
penetration into the metal (>50 nm) so that it should block direct light interaction with the 
scaffold.203 With the goal of developing efficient thermal emitters for TPV modules 
across different wavelength ranges and perhaps for lighting applications,224 the methods 
enable us to obtain the desired three-dimensional metal architecture and surface geometry 
with a choice of refractory metal. This approach may also be extended to nanostructured 
carbon scaffolds with different geometries for fabrication of other thermally stable, 
functional nanocomposite materials. 
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Chapter 6 
Review and Future Outlook 
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6.1 Colored 3DOM Materials for Pigmentation 
The investigations into colored 3DOM materials and their properties that were 
presented in this dissertation were largely fruitful. 3DOM pigments were created in 
almost every spectral color through various synthetic pathways that served to tune the 
color, chroma, and brightness of these materials. The use of 3DOM materials in pigment 
applications has a bright future. These structurally-colored materials have many 
advantages over most traditional organic or metal complex pigments in that they are 
resistant to photodegradation and can be synthesized in numerous spectral colors while 
being composed of only one material. These pigments also manifest a unique color 
mixing mechanism that is not currently seen in commercially available pigmentation. 
However, certain limitations must be addressed in order for these colored materials to 
fully realize their potential.  
One such issue is the goniochromaticity that these materials exhibit. The coloration in 
3DOM pigments is governed by a combination of Bragg’s and Snell’s laws described in 
Chapter 1.  Under diffuse lighting, the observed color of 3DOM pigments, which depends 
on the angle of incident light, appears as the average of all incident angles and is 
approximated to be normal to the plane of diffraction. However, under directional light 
sources, the color can blue-shift with increasing changes in angle of incidence. This is 
manifested as a shift in coloration upon positional change of either the light source or the 
material. The effect is not readily observed in 3DOM samples with stop bands in the 
short-wave portion of the visible spectrum. This is due to the angle-dependent stop band 
blue-shifting into the UV range where it is not perceived as a color change, but rather a 
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reduction in color intensity. However, for 3DOM pigments with colors near the red 
portion of the spectrum, the color shift is pronounced, shifting from red to all other 
spectral colors as the angle of incidence is increased. Currently, this effect forces 3DOM 
materials into the category of specialty pigments so that they cannot be used for 
applications were a specific coloration is desired. In order to expand the range of 
applications of these pigments, solutions for this effect are needed. Currently, angle-
dependent coloration is an inevitable side effect of the 3DOM structure. Any work 
towards the mitigation of this effect will have to involve novel structures or changes to 
the inverse opal structure itself in order to achieve this.  
The elimination of solvent infiltration into 3DOM materials is also of great 
importance for future applications where 3DOM powders will be incorporated into 
various liquid matrices (i.e. paints, cosmetics). While the work outlined in Chapter 4 
addresses this topic, further studies are needed in order to create a structure that is 
impervious to infiltration but also exhibits intense stop bands. Currently, for 3DO 
materials that resist infiltration, SiO2 has been the most successful filling material for a 
PMMA template due to the extended gel network formed by the liquid precursor through 
crosslinking. This gelation mechanism serves to maintain a high fill fraction and ensures 
structural regularity with minimal void space and does not necessitate a thermal treatment 
step at high temperatures. However, SiO2 has a low index of refraction (1.455) compared 
to the PMMA spheres it surrounds (1.49), resulting in low stop band intensity. Higher 
index of refraction filling materials such as TiO2 (2.45), or ZrO2 (2.15) could increase the 
refractive index contrast of these structures and improve stop band intensity. Both 
materials form cross-linked sol-gel networks under certain conditions225-226 and could 
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potentially form regular structures which need not undergo thermal treatment at high 
temperatures, preserving the inclusion of the PMMA template which prevents infiltration 
into the pores. 
The use of SiO2 template spheres in structures that resist infiltration resulted in 
incomplete filling of void spaces within the 3DO structure discussed in Chapter 4. This 
was due to a mismatch in degree of shrinkage between the ZrO2 filling material and the 
sphere material. Choosing a filling material that closely matches the shrinkage properties 
of the SiO2 template could serve to reduce the amount of void space in the resulting 
structure. Additionally, several rounds of infiltration followed by thermal treatment could 
be used to fill void spaces. 
Additionally, one important aspect for any colored photonic structure is the presence 
of a contrast agent within the material, as shown in Chapter 2. For both 3DOM ZrO2 and 
3DOM SiO2, carbon was formed within the structure during pyrolysis and served as the 
contrast agent. For materials not undergoing thermal treatment at high temperatures, a 
contrast agent must be introduced another way. As described in Chapter 4, this was 
accomplished through the addition of a commercial dye into an as-synthesized 3DOM 
structure. However, for non-porous materials such as 3DO PMMA/SiO2, also discussed 
in Chapter 4, other methods must be devised in order to increase the coloration of these 
structures. One potential route could be the addition of staining agents into the PMMA 
synthesis itself, or the application of the agents after synthesis. The PMMA spheres 
would then perform the dual role of template and contrast agent. For the targeting of 
specific wavelengths, specialized colored dyes could be used in order to layer the 
 196 
 
photonic stop band of the material with a region of low absorbance of the dye, increasing 
a specific coloration through both photonic and molecular pathways. 
One aspect of the inclusion of carbon as a contrast agent that remains to be studied is 
the long-term photo-stability of the carbon species that are created during the pyrolysis of 
3DOM materials. The molecular structure of these species of carbon is currently 
unknown and the materials could potentially experience photo-bleaching over time. 
While the 3DOM structure itself is resistant to photobleaching due to the structural nature 
of the color mechanism, a reduction in contrast agent would effectively reduce the 
coloration of the 3DOM pigments. Long-term studies involving UV exposure of these 
pigments should be initiated in order to address this potential pitfall.  
As research progresses in this area, care must be taken along the way to ensure that 
the processes involved in the production of colored photonic materials remain 
economically feasible. A major drawback in the current large-scale production of 
photonic materials is the intensive templating, infiltration, and thermal treatment of these 
materials. Therefore, efforts to combine or eliminate production steps in the synthesis of 
these materials are vital to their success in commercial applications.  
6.2 3DOM UV Stop Band Materials 
3DOM TiO2/SiO2 UV stop band materials were synthesized in order to partner the 
absorbance of the band edge of TiO2 with the reflectance from a photonic stop band 
located near the band edge. Theoretically, this would partially extend the band edge to 
cover more of the UV range than would be possible with bulk TiO2 alone. However, 
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multiple drawbacks in the nanostructuring of band edge materials were observed 
throughout the course of the study. The most prominent issue was that with low 
concentrations of TiO2, extensive band edge shifts due to quantum size effects were 
detected. The shifting of the band edge greatly reduced the UV coverage of the material, 
contrary to the intended goal. When high amounts of TiO2 were used in order to prevent 
these size effects, the 3DOM structure exhibited less long-range order, reducing the 
effects of the stop band. It was also found that, for materials with good structural order, 
the influence from the photonic stop band was minimal when compared to the influence 
of the TiO2 band edge. The photonic stop band above the band edge only accounted for a 
reduction in transmittance of ca. <10%. In addition to these drawbacks, the high porosity 
of the 3DOM UV materials causes a high degree of incoherent scattering within the 
structure due to the multitude of surfaces with the material, causing a white appearance 
even when very thin films were observed. This white appearance is not desirable if these 
materials are to be used as commercial UV protectants. 
In order to address these issues, several synthetic modifications will be required. Of 
primary importance is the elimination of the band edge shift in order to maximize the UV 
coverage. Alterations to the liquid precursor composition must be studied in order to 
achieve 3DOM materials with long-range structural order and high TiO2 content. This 
would increase the influence of the stop band while maximizing the band edge influence. 
Various recipes for sol-gel TiO2 precursors exist in the literature
227-229 and should be 
systematically analyzed for their resulting structural order and scattering properties.  
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Additionally, 3DOM composites of TiO2/ZnO are of interest in order to combine the 
band-edge absorbances of both of these materials. TiO2 is an effective absorber at short-
wave UVB wavelengths while ZnO is more effective as a long-wave UVA blocker. The 
combination of the absorbance of these two materials along with strategic placement of 
the photonic stop band could be advantageous as long as care was taken to avoid 
quantum size effects and control incoherent scattering. 
6.3 3DOM Metallic Photonic Crystals For Thermophotovoltaics 
The use of 3DOM metallic photonic crystals for high temperature applications has 
previously been limited by the grain growth experienced by the 3DOM nanostructure. 
Changes to the periodic spacing of the materials through grain coarsening reduced the 
periodicity and reduced the functionality of the materials. In the work described in 
Chapter 5, a solution to this issue was found that involved using amorphous structures 
that do not experience grain growth at high temperatures and coating them with 
refractory metals that were pinned to the structure using a hafnia interlayer. These 
materials were found to be stable at 1000 °C for several hours. While the material aspects 
of the structure were addressed in that study, a functional thermophotovoltaic emitter 
using those materials was not synthesized. Similar work has since been published by 
Arpin et al.230 that involved tungsten inverse opal structures formed through an atomic 
layer deposition process. This process resulted in a tungsten structure that resisted grain 
growth up to 1400 °C after coating with a refractory hafnia layer.  
Future work within this field will likely consist of the modification of structural 
components in order to improve long-term thermal stability without loss of periodic 
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structure. However, the viability of these structures within thermophotovoltaic cells will 
ultimately depend on production costs. With solar energy pathways currently being 
utilized through solar cell technology that becomes more and more efficient and 
inexpensive every year, the production of photonic thermophotovoltaic cells will have to 
be similarly inexpensive. With current synthetic methods employing expensive atomic 
layer deposition and chemical vapor deposition techniques, scale-up of these materials 
will remain a challenge unless more facile synthetic pathways are found. 
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